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   Topology	  Optimization	  of	  Shell	  Eco-­‐Marathon	  Electric	  Drivetrain	  Components	  Abstract	  
Umicore	  Electra	   is	  a	  vehicle	  designed,	  built	  and	  operated	  by	   the	  Université	  de	  Liège	   to	   race	   in	   the	  
Shell	   Eco-­‐Marathon.	   Students	   have	   been	   designing	   this	   car	   for	   several	   years	   improving	   its	  
components	  and	  its	  operation.	  	  
Topology	  optimization	  is	  a	  design	  methodology	  that	  is	  fastly	  growing	  in	  industrial	  applications	  thanks	  
to	  the	  evolution	  of	  computers	  and	  to	  the	  applying	  character	  of	  the	  tool.	  Additive	  manufacturing	  is	  a	  
novel	  manufacturing	   technique	   that	   is	   also	  developing	  and	  being	  used	  more	  and	  more	   in	   research	  
and	   industry.	   These	   two	   technologies	   are	   strongly	   connected	   providing	   new	   procedures	   to	   design	  
and	  manufacture	  elements.	  
The	  aim	  of	  this	  thesis	  is	  to	  use	  these	  two	  novel	  technologies	  to	  design	  a	  new	  support	  for	  the	  electric	  
motors	  and	  the	  supporting	  plate	   for	   the	  Umicore	  Electra	  car.	  This	  work	   is	  done	   in	  order	   to	  solve	  a	  
bending	  flexibility	  problem	  that	  has	  been	  detected	  in	  the	  car.	  The	  current	  solution	  to	  this	  problem	  is	  
based	   on	   adding	   extra	   elements	   that	   compromise	   the	   weight	   of	   the	   car	   and	   its	   aerodynamics.	  
Therefore,	   the	  objective	  of	   the	  project	   is	  on	  the	  one	  hand	  to	  design	  new	  components	  to	  make	  the	  
structure	  stiffer,	  and	  on	  the	  other	  hand	  to	  optimize	  the	  weight	  of	  these	  components.	  
To	   achieve	   this	   purpose,	   finite	   element	   techniques	   and	   topology	   optimization	   are	   used.	   The	   first	  
thing	  that	  has	  been	  done	  is	  the	  definition	  of	  the	  load	  case	  that	  the	  components	  have	  to	  withstand.	  
Afterwards,	   this	   load	   cases	   are	  used	   to	   carry	  out	   the	   topology	  optimization	   in	  order	   to	  design	   the	  
new	  components	  concepts.	  	  
Based	  on	  topology	  optimization	  results,	  CAD	  models	  of	  the	  components	  have	  been	  proposed	  while	  
detailed	  finite	  elements	  analyses	  have	  been	  used	  to	  check	  their	  structural	  integrity	  under	  operating	  
conditions.	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   Topology	  Optimization	  of	  Shell	  Eco-­‐Marathon	  Electric	  Drivetrain	  Components	  1.	  Introduction	  
1.1	  Shell	  Eco-­‐Marathon	  
The	   Shell	   Eco-­‐Marathon	   is	   an	   annual	   competition	   organized	   by	   the	   oil	   company	   Shell.	   Students	  
around	  the	  world	  are	  challenged	  to	  design,	  build,	  test	  and	  drive	  the	  most	  energy-­‐efficient	  car	  using	  
different	   propulsion	   technologies	   (Electric	   energy,	   thermic,	   hydrogen,	   etc).	   The	   competition	   takes	  
place	   in	   Asia,	   the	   Americas	   and	   Europe.	   In	   2015	   the	   European	   Shell	   Eco-­‐Marathon	   took	   place	   in	  
Rotterdam	  from	  20	  to	  24	  May.	  	  
The	   beginning	   of	   the	   competition	   dates	   back	   to	   1939	   in	  USA,	  when	   Shell	  Oil	   Company	   employees	  
made	  a	  friendly	  wager	  over	  who	  could	  travel	  further	  with	  the	  same	  amount	  of	  fuel	  (Ref	  [20]).	  From	  
that	   day,	   this	   competition	   has	   expanded	   to	   two	   more	   continents	   and	   nowadays	   includes	   more	  
energy	  sources	  rather	  than	  fuel.	  This	  creates	  a	  debate	  on	  the	  designs	  of	  future	  vehicles	  and	  questions	  
the	  necessity	  of	  fuel	  as	  a	  power	  source.	  Shell	  Eco-­‐Marathon	  is	  really	  interesting	  because,	  through	  the	  
exploration	  of	  new	  concepts,	  competitors	  can	  anticipate	  car	  of	  tomorrow	  that	  will	  be	  less	  reliable	  on	  
fuel	  and	  cleaner	  thanks	  to	  their	  better	  fuel	  efficiency.	  
The	  competition	   is	  divided	  into	  two	  categories,	  the	  Prototype	  and	  the	  Urban	  Concept.	  The	  cars	  are	  
also	  sorted	  by	  energy	  type.	  
Since	   2007,	   l’Université	   de	   Liège	   (ULg)	   has	   participated	   in	   the	   “Urban	   Concept”	   category	   (Electric	  
propulsion),	   which	   requires	   the	   presence	   of	   certain	   components	   that	   one	   should	   find	   on	   future	  
commercial	   urban	   cars:	   4	   wheels,	   a	   horn,	   wipers,	   a	   hydraulic	   break	   system	   and	   lighthouses.	   The	  
vehicle	   is	   also	   subject	   to	   strict	   dimensions.	   The	   ULg	   vehicle	   is	   among	   those	   that	   use	   an	   electrical	  
propulsion	  system.	  	  
The	  aim	  of	  the	  competition	  is	  to	  complete	  10	  laps	  of	  an	  urban	  circuit	  in	  less	  than	  39	  minutes,	  whilst	  
minimizing	   the	  associated	  energy	   consumption.	   For	   an	  electric	   car,	   the	   final	   ranking	   is	  determined	  
according	  to	  the	  consumption	  expressed	  in	  km/KWh.	  
The	  reader	  can	   find	  more	   information	  on	  both	  the	  Shell	  Eco-­‐Marathon	  and	  the	  ULg	  team	  websites	  
(Ref.	  [20-­‐21]).	  See	  the	  ULg	  car	  Umicore	  Electra	  in	  Figure	  1.1.	  
	  
Figure	  1.1:	  Photography	  of	  the	  ULg	  car	  (2014).	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1.2	  General	  description	  of	  the	  drivetrain	  of	  the	  car	  
This	   section	   resumes	   the	   early	   stages	   of	   the	   car,	   specifically	   the	   development	   of	   the	   propulsion	  
system	   (the	  motor	   support	  and	   the	   supporting	  plate).	   This	  part	  of	   the	  work	   is	  done	   so	   in	  order	   to	  
derive	  where	  the	  actual	  configuration	  comes	  from.	  
Before	  the	  actual	  car	  “Umicore	  Electra”,	  the	  team	  had	  already	  designed	  two	  other	  versions	  for	  racing	  
in	   the	  Shell	  Eco-­‐Marathon.	  The	  previous	  version	  was	  done	   in	  2007	  and	  was	  also	  an	  urban	  concept	  
car,	  but	  with	  different	  configurations.	  The	  first	  vehicle	  that	  the	  ULg	  presented	  to	  the	  competition	  was	  
a	  car	  for	  racing	  in	  the	  Prototype	  category.	  
Focussing	  more	  on	   the	   subject	  of	   the	  work,	   the	   transmission	   system	   is	  done	  with	  a	   chain	  and	   two	  
gears,	  one	   in	  the	  output	  shaft	  of	   the	  motor	  and	  the	  other	  one	   in	  the	  axle	  of	  the	  wheels.	  However,	  
other	  transmissions	  systems	  were	  considered.	  The	  first	  idea	  was	  a	  gear	  transmission.	  This	  allows	  the	  
transmission	  of	  high	  powers	  and	  high	  rotation	  speed.	  On	  the	  other	  hand	  this	  kind	  of	  transmission	  is	  
quite	   expensive	   and	   rigid	   which	   will	   introduce	   high	   loads	   on	   the	   shafts.	   In	   addition,	   a	   gear	  
transmission	   needs	   to	   be	   constantly	   lubricated,	   that	   means	   a	   sump	   should	   be	   done.	   Hence	   this	  
transmission	  was	  discarded.	  A	  belt	  transmission	  was	  also	  rejected	  due	  to	  its	  poor	  performance	  with	  
variable	  velocity,	  despite	  the	  fact	  that	  they	  are	  not	  too	  expensive.	  	  
Finally,	  the	  chain	  transmission	  was	  selected.	  At	  a	  high	  velocity	  they	  do	  not	  work	  as	  well,	  but	  for	  the	  
range	  needed	  for	  the	  Shell	  Eco-­‐Marathon	  it	  is	  sufficient.	  In	  addition	  they	  are	  more	  economical	  than	  
the	   gears.	   The	   chain	   must	   be	   lubricated	   so	   that	   its	   service	   life	   is	   lengthened,	   but	   it	   is	   not	   as	  
complicated	   for	   the	   gears.	   Some	   other	   systems	   were	   also	   taken	   into	   account	   such	   as	   roller	  
transmission	   or	   continuously	   variable	   transmission	   (CVT)	   but	   the	   conclusion	  was	  made	   to	   use	   the	  
chain	  transmission.	  Next	  step	  is	  to	  focus	  on	  the	  components	  that	  make	  up	  the	  scope	  of	  the	  work:	  
Evolution	  of	  the	  electric	  drive	  transmission:	  
At	  the	  beginning,	  the	  car	  functioned	  with	  only	  one	  electric	  motor,	  fixed	  with	  the	  actual	  right	  support	  
(bigger	   than	  the	   left	  one).	  Afterwards,	  another	  motor	  was	   introduced	  (Maxon	  EC	  60)	   to	  power	  the	  
car	   in	   the	   stationary	   stretches.	   The	   actual	   support	   (analysed	   in	   this	  work)	  was	   designed	   to	   fix	   this	  
“extra”	  motor.	   In	   a	   new	   version	   of	   the	   car,	   the	   old	  motor	   (the	   big	   one)	  was	   replaced	   by	   another	  
Maxon	   EC	   60.	   Thus,	   two	   identical	   motors	   powered	   the	   car	   (the	   two	   which	   are	   used	   currently).	  
However,	   the	   transmission	   system	   that	   connects	   the	  motors	  with	   the	  wheels	  has	  not	  always	  been	  
the	  same.	  In	  the	  past,	  there	  was	  a	  planetary	  gearbox	  in	  the	  output	  shaft	  of	  the	  motor.	  It	  was	  used	  to	  
reduce	  the	  speed	  rotation	  of	   the	  motor.	  The	  motor	  was	   fixed	  to	   the	  gearbox	  and	  the	  gearbox	  was	  
fixed	  to	  the	  support.	  Then	  this	  changed	  and	  nowadays	  the	  speed	  reduction	  is	  done	  with	  two	  different	  
gears	  and	  a	  chain.	  Hence,	  the	  gearbox	  was	  removed	  and	  the	  motors	  were	  fixed	  using	  a	  special	  part	  to	  
adapt	  the	  motor	  holes	  with	  the	  support	  holes.	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See	  the	  Figure	  1.2	  to	  identify	  the	  different	  elements.	  
	  
Figure	  1.2:	  Actual	  support	  with	  the	  adaptive	  part.	  
The	  plate	  has	  also	  evolved	  along	   the	  whole	  process	  of	   the	  designing	   the	   car.	   The	   first	   idea	  was	   to	  
design	   two	   separated	   plates,	   one	   for	   the	   motor	   support	   and	   another	   for	   the	   battery.	   Several	  
disadvantages	  were	  discovered	  and	  this	  idea	  was	  discarded.	  Afterwards,	  they	  started	  to	  think	  of	  the	  
idea	   of	   using	   a	   supporting	   plate	  with	   different	   heights.	   The	   first	   idea	  was	   to	   design	   two	   different	  
parts	  with	  different	  heights	  connected	  with	  a	  bars	  structure.	  This	  configuration	  needed	  several	  parts	  
and	   the	  weight	  was	   considered	   to	   be	   too	   high.	   So	   the	   team	   started	   to	  work	  with	   a	   new	   solution,	  
which	  included	  a	  lower	  weight.	  Finally	  they	  reached	  the	  actual	  solution.	  They	  designed	  a	  plate	  with	  a	  
step	   that	  was	   able	   to	   fix	   the	  motor	   support	   and	   the	  battery	   at	  different	  heights.	   See	   figure	  1.3	   to	  
view	  this	  design.	  
	  
Figure	  1.3:	  Supporting	  plate	  (old	  version).	  
Presently,	  the	  plate	  in	  the	  car	  is	  just	  part	  of	  the	  old	  version.	  The	  plate	  was	  cut	  and	  the	  part	  designed	  
to	  fix	  the	  battery	  was	  removed.	  Nowadays	  the	  battery	  is	  attached	  to	  the	  body	  of	  the	  car.	  Therefore,	  
the	  plate	  is	  only	  used	  to	  fix	  the	  motor	  support.	  However,	  this	  plate	  was	  designed	  without	  taking	  into	  
account	  the	  force	  of	  the	  tension	  of	  the	  chain.	  The	  problem	  appears	  when	  the	  car	  starts	  to	  move.	  This	  
tension	  makes	   the	   plate	   bend	   and	   this	   causes	   chain	   slippage.	   The	   plate	   has	   been	   reinforced	  with	  
some	  elements	  to	  solve	  this	  problem.	  
This	  information	  has	  been	  extracted	  from	  the	  technical	  files	  done	  during	  the	  development	  of	  the	  car.	  
For	  more	  information	  consult	  Ref.	  [1]	  and	  Ref.	  [2].	  	   	  
Motor	  
Support	  
Adaptive	  part	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1.3	  Questions	  and	  objectives	  to	  answer	  
Once	  the	  actual	  situation	  of	  the	  car	  is	  explained,	  a	  major	  problem	  is	  detected	  when	  the	  car	  starts	  to	  
move,	  the	  supporting	  plate	  starts	  to	  bend	  and	  the	  chain	  comes	  off	  the	  gear.	  In	  this	  situation	  traction	  
power	   is	   lost	  and	  the	  car	  cannot	  continue	  the	  race.	  Therefore,	  the	  main	  objective	  of	  the	  work	   is	  to	  
design	  a	  topology-­‐optimized	  model	  of	  the	  motor	  support	  and	  the	  supporting	  plate	  in	  order	  to	  solve	  
the	  problem	  of	  the	  chain	  slippage.	  
However,	   there	   are	   two	  other	   sub-­‐objectives	   that	  will	   be	   taken	   into	   account	   along	   the	   thesis.	   The	  
first	  one	   is	  a	  matter	  of	  weight.	  As	   seen	  before,	   the	  objective	  of	  Shell	  Eco-­‐Marathon	   is	   to	  build	   the	  
most	   energy-­‐efficient	   car.	   So	   the	  weight	   of	   the	   components	   is	   a	   really	   important	   detail.	   The	   new	  
design	  must	  be	  done	  as	  light	  as	  possible	  to	  achieve	  this	  objective.	  
The	   second	   sub-­‐objective	   comes	   from	   the	  problem	  of	   the	  plate	  bending.	   This	  problem	   is	   currently	  
solved	  with	   reinforcement	  elements	   that	  are	  unfortunately	  disturbing	   the	  aerodynamics	  of	   the	  car	  
and	   adding	   extra	  weight.	   So	   the	   new	  plate	  must	   be	   designed	  not	   only	   to	  withstand	   the	   load	   case	  
without	  bending	  but	  also	  to	  stiffen	  the	  car	  in	  order	  to	  remove	  these	  extra	  elements.	  
	  
1.4	  Organization	  of	  the	  report	  
Once	  the	  reader	   is	  up-­‐to-­‐date	  with	  the	  context,	   the	  problems	  and	  the	  objectives	  of	   this	   thesis,	   the	  
analyses	  and	  the	  design	  process	  can	  begin.	  However,	  a	  description	  of	  the	  organization	  of	  the	  whole	  
document	  must	  be	  done	  first.	  
The	  work	  is	  divided	  into	  five	  main	  chapters	  and	  each	  chapter	  is	  divided	  into	  various	  subsections.	  The	  
first	  chapter	  is	  the	  introduction	  of	  the	  work.	  There,	  one	  can	  find	  the	  objectives	  of	  the	  work	  as	  well	  as	  
a	  description	  of	  the	  competition	  Shell	  Eco-­‐Marathon	  and	  a	   little	  resume	  of	  the	  evolution	  of	  the	  car	  
drivetrain.	  
The	  second	  chapter	  explains	  the	  tools	  used	  to	  develop	  the	  work.	  Therefore,	  there	  is	  a	  description	  of	  
SAMCEF	  software	  (Ref.	  [3]),	  the	  finite	  element	  analysis	  and	  the	  topology	  optimization	  methodology.	  
One	   can	   also	   find	   an	   explanation	   of	   the	   additive	   manufacturing	   technologies	   and	   its	   possible	  
applications.	  
Finally,	   the	   third	   and	   fourth	   chapters	   are	  dedicated	   to	  explain	   all	   the	  work	  done	   for	  designing	   the	  
new	   motor	   support	   (third	   chapter)	   and	   the	   new	   supporting	   plate	   (fourth	   chapter).	   In	   these	   two	  
chapters	  the	  same	  structure	  is	  used	  for	  the	  intern	  sections.	  Firstly,	  the	  actual	  configuration	  is	  studied	  
and	  then	  a	  topology	  optimization	  is	  done	  in	  order	  to	  define	  the	  basics	  of	  the	  new	  geometry.	  Finally,	  
the	  new	  model	  is	  designed	  and	  studied	  to	  check	  its	  performance.	  It	   is	   important	  to	  know	  that	  both	  
designs	  must	  fit	  each	  other,	  so	  that	  they	  cannot	  be	  designed	  independently.	  
In	  the	  fifth	  chapter	  the	  reader	  will	  find	  a	  resume	  of	  the	  whole	  work	  and	  the	  conclusions.	  In	  addition,	  
the	  perspectives	  for	  futures	  works	  are	  also	  explained.	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2.1	  Introduction	  
The	  following	  pages	  describe	  the	  software	  tools	  used	  in	  this	  work,	  detail	  the	  framework	  to	  perform	  a	  
finite	   element	   analysis	   and	   explain	   the	   bases	   of	   topology	   optimization	   method.	   Finally,	   the	   last	  
subsection	  of	  the	  chapter	  is	  dedicated	  to	  explain	  the	  Additive	  manufacturing	  technique.	  
2.2	  SAMCEF	  
SAMCEF	  is	  a	  software	  tools	  based	  on	  the	  Finite	  Element	  Method.	  Historically,	  it	  has	  been	  developed	  
since	  1965	  by	  professors	  and	  researchers	  at	  the	  University	  of	  Liège.	  Currently,	  it	  is	  being	  developed,	  
maintained	  and	  marketed	  by	  Siemens	  LMS	  SAMTECH	  S.A.	  
SAMCEF	  is	  a	  general	  program	  for	  mechanical	  and	  thermal	  analyses	  and	  can	  also	  tread	  certain	  fluid-­‐
structure	   problems.	   In	   this	  work,	   only	   the	  mechanical	  module	   is	   used.	   Its	   applications	   are	   used	   in	  
mechanical,	  electrical,	  aeronautic,	  nuclear	  and	  naval	  industries	  as	  well	  as	  transport,	  civil	  and	  offshore	  
engineering.	  
The	  structural	  analysis	  capabilities	  of	  SAMCEF	  enable	  the	  user	  to	  handle	  statics,	  dynamics,	  stability,	  
linear	  and	  nonlinear	  problems.	  Nonlinear	  analysis	  will	  not	  be	  performed	  in	  the	  current	  work.	  There	  
are	   also	   specialized	   analysis	   modules	   that	   permit	   the	   study	   of	   viscoplastic	   behaviour,	   pyrolysis	  
phenomena,	  kinematic	  analysis	  and	  dynamics	  of	  flexible	  mechanisms,	  dynamics	  of	  rotating	  machines	  
and	  cable	  networks	  as	  well	  as	  computation	  of	  electromagnetic	  tensions	  in	  electrical	  systems	  or	  shape	  
optimization	  and	  optimal	  design	  of	  structures.	  Within	  the	  framework	  of	  this	  thesis,	  we	  will	  use	  one	  of	  
these	  specialized	  modules:	  the	  topology	  optimization	  module.	  
SAMCEF	   has	   a	   large	   number	   of	   available	   finite	   elements	   (rods,	   beams,	   pipes,	  membranes,	   plates,	  
springs,	   thin	   or	   thick	   shells,	   axisymmetric	   shells	   and	   3-­‐D	   shells	   and	   solids)	   that	   allows	   the	   user	   to	  
handle	   a	  wide	   range	  of	   applications.	   In	   addition,	   the	  materials	   can	  be	   isotropic	   or	   anisotropic	   and	  
their	   behaviour	   can	   be	   linear	   or	   nonlinear.	   As	   stated,	   in	   this	   work	   all	   the	   materials	   and	   all	   the	  
calculations	  will	  be	  considered	  as	  linear.	  
A	   several	   number	   of	   options	   allow	   more	   specialized	   situations	   to	   be	   modelled,	   such	   as	   physical	  
characteristics	   varying	   in	   space	   or	   with	   the	   temperature	   field,	   laminate	   or	   sandwich	   composite	  
materials.	  
To	   apply	   the	   loads	   to	   the	   analysis,	   SAMCEF	   includes	   point	   loads,	   weight,	   pressure,	   torque,	  
centrifugal,	   thermal	   and	   gyroscopic	   loads.	   In	   addition,	   boundary	   conditions	   allow	   non-­‐zero	  
displacements	  and	  modelling	  of	  contact	  points	  and	  gaps.	  
The	  SAMCEF	  system	  is	  a	  series	  of	  programs	  organized	  into	  independent	  modules	  linked	  to	  common	  
pre-­‐and-­‐post	  processing	  software.	  	  
See	  more	  information	  about	  SAMCEF	  history	  and	  capabilities	  in	  Ref.	  [3].	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The	  work	  has	  been	  done	  using	  SAMCEF	  Field	   that	  gives	   the	  opportunity	   to	  work	  with	   the	  different	  
modules.	  Each	  of	  these	  modules	  has	  a	  specific	  function.	  The	  geometry	  can	  be	  done	  with	  an	  intuitive	  
interface	   using	   the	   “Modeller”	  module.	   In	   addition,	   the	   geometry	   can	   be	   defined	  manually	   or	   by	  
reading	   IGES	   files.	   Then	   the	   definition	   of	   all	   the	   proprieties,	   loads,	   constraints	   and	   assemblies	   are	  
done	  with	  the	  “Analysis	  data”	  module.	  The	  mesh	  is	  done	  with	  the	  “Mesh”	  module	  and	  it	  can	  also	  be	  
done	   manually	   or	   performing	   an	   automatic	   meshing.	   Finally,	   to	   solve	   the	   problem	   it	   is	   used	   the	  
“Solver”	  module.	   SAMCEF	  Field	   is	   able	   to	  generate	  and	   load	   interactive	  data	   from	  several	   kinds	  of	  
files	  and	  show	  them	  in	  the	  “Result”	  module.	  	  
Once	   the	   physical	   problem	   has	   been	   properly	   defined	   and	   understood	   it	   can	   be	   introduced	   in	  
SAMCEF.	   The	   obligatory	   steps	   will	   have	   to	   be	   followed	   in	   in	   order	   to	   use	   the	  modules	   described	  
previously	  and	  create	  a	  finite	  elements	  model	  are:	  
1.	  Defining	  geometry	  (points,	  lines,	  surfaces,	  contours	  and	  domains	  to	  be	  meshed)	  or	  importing	  the	  
geometry	  from	  an	  IGES	  file	  and	  defining	  the	  auxiliary	  geometry	  needed	  to	  perform	  the	  analysis.	  
2.	  Define	  a	  type	  of	  behaviour	  to	  the	  elements.	  
3.	   Entering	   the	   physical	   characteristics	   of	   the	   material	   (Young	   modulus,	   poison	   coefficient	   and	  
density).	  
4.	  Making	  the	  mesh.	  
5.	  Smoothing,	  refining	  and	  modification	  of	  the	  mesh	  (If	  it	  is	  necessary).	  
6.	  Defining	  boundary	  conditions	  (element	  loads,	  fixations,	  assemblies,	  etc.).	  
7.	   Entering	   specialized	   parameters	   for	   computation	   (degree	   of	   elements,	   number	   of	   iterations,	  
percentage	  density,	  etc.).	  
After	  defining	  all	  the	  data	  in	  the	  pre-­‐processing	  tools,	  the	  SAMCEF	  model	  will	  be	  analysed	  by	  one	  of	  
the	   analysis	   modules	   available.	   For	   this	   work,	   ASEF	   will	   be	   the	   used	   for	   linear	   static	   analysis	   and	  
TOPOL	  for	  topology	  optimization.	  
The	   aim	   of	   linear	   static	   analysis	   of	   a	   structure	   is	   the	   calculation	   of	   the	   displacements,	   stresses	   or	  
reactions	   for	   the	   load	   case	   defined.	   It	   calculates	   the	   stresses	   values	   over	   an	   element,	   principal	  
stresses,	  nodal	  displacements,	  rotation,	  etc.	  On	  the	  other	  side,	  the	  aim	  of	  topology	  optimization	  is	  to	  
find	  the	  optimum	  mass	  distribution	  within	  a	  given	  design	  space,	  for	  a	  given	  set	  of	  loads	  and	  boundary	  
conditions.	  
Finally,	  the	  post-­‐processing	  phase,	  in	  SAMCEF	  Field	  the	  results	  are	  stored	  in	  a	  format	  adapted	  to	  an	  
interactive	  post-­‐	  process	  so	  that	  the	  result	  can	  be	  shown	  as	  plots,	  drawings	  and	  graphics.	  
	  
	  
	  
Figure	  2.1:	  SAMCEF	  trademark.	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2.3	  Finite	  Element	  Analysis	  
The	   finite	  element	  method	   (FEM)	   is	  a	  calculation	   technique	   that	  uses	   the	  subdivision	  of	   the	  whole	  
domain	  to	  calculate	  small	  solutions	  in	  order	  to	  find	  the	  approximate	  solution	  of	  the	  entire	  problem.	  
These	  subdivisions	  are	  called	  finite	  elements	  and	  they	  are	  represented	  by	  a	  group	  of	  equations.	  The	  
method	   calculates	   the	   solutions	   of	   each	   element	   using	   differentials	   equations	   by	   minimizing	   an	  
associated	  error	  function.	  Then,	  FEM	  connects	  these	  simple	  element	  equations	  to	  calculate	  a	  more	  
complex	  equation	  for	  a	  larger	  domain.	  Ref.	  [22].	  
Dividing	  the	  domains	  in	  simpler	  elements	  is	  useful	  because	  it	  has	  three	  main	  advantages	  (Ref.	  [6]):	  
• Nearly	  all	  geometries	  can	  be	  represented.	  	  
• Each	  element	  can	  have	  different	  materials	  with	  different	  properties.	  
• The	  global	  solution	  is	  easy	  to	  represent.	  
	  
Finite	  element	  analysis	  (FEA)	  is	  an	  analysis	  method	  used	  in	  engineering	  for	  study	  and	  analyse	  models	  
previously	   introduced.	   The	   software	   tools	   including	   this	  method	   can	   generate	   a	  mesh	   in	   order	   to	  
make	  the	  subdivision	  to	  analyse	  simple	  parts	  or	  simple	  problems.	  These	  software	  tools	   include	  the	  
FEM	  algorithm	  to	  perform	  the	  calculations.	  	  
Studying	   an	   object	   with	   FEA	   gives	   to	   the	   analyst	   the	   opportunity	   to	   predict	   the	   behaviour	   of	   the	  
object,	   to	   verify	   and	   improve	   the	   design,	   to	   reduce	   their	   production	   costs,	   etc.	   As	   a	   result,	   the	  
designer	  is	  able	  to	  achieve	  more	  information	  before	  manufacturing	  the	  object.	  
In	  general,	   in	  the	   industry,	  there	  are	  two	  types	  of	  analysis:	  2D	  and	  3D	  (two	  and	  three	  dimensions).	  
The	  computation	  time	  in	  2D	  simulations	  is	  considerably	  shorter	  but	  the	  results	  show	  worse	  accuracy.	  
The	  system	  can	  have	  a	  linear	  or	  nonlinear	  behaviour.	  Linear	  calculations	  are	  simpler	  and	  generally	  do	  
not	  consider	  important	  physical	  phenomena	  as	  plastic	  deformation	  of	  materials,	  fracture	  processes,	  
etc.	  whereas	  the	  calculation	  non-­‐linear	  can	  do	  it	  and	  the	  results	  are	  relatively	  better.	  
Most	   FE	  Analysis,	   are	   set	   up	  by	   following	   a	   standard	  procedure	   (Ref.	   [5]).	   Firstly	   it	   is	   necessary	   to	  
import	  the	  CAD	  model	  and	  mesh	  it.	  Assign	  material	  proprieties	  and	  apply	  load	  constraints	  and	  loads	  
is	  the	  next	  step.	  Finally	  it	  is	  necessary	  to	  set	  up	  the	  solver	  parameters	  and	  run	  the	  solver.	  Note	  that	  
this	   standard	   procedure	   is	   really	   similar	   to	   the	   procedure	   described	   for	   introducing	   a	   model	   I	   n	  
SAMCEF	  (chapter	  2.2).	  
The	  most	  common	  mistakes	  during	  a	  FEA	  are	  the	  following	  ones	  (Ref.	  [5]):	  
• Using	  the	  wrong	  units	  
• Building	  over	  complicated	  models	  
• Over	  constraining	  models	  
• Lack	  of	  care	  or	  misunderstanding	  when	  presenting	  results	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2.4	  Topology	  optimization	  
A	  classic	  engineering	  problem	  is	  to	  determine	  the	  optimal	  geometry	  that	  minimizes	  or	  maximizes	  a	  
certain	  function	  while	  satisfying	  constraints	  or	  boundary	  conditions.	  The	  solution	  to	  this	  problem	  can	  
be	  raised	  using	  three	  strategies:	  Size	  optimization,	  Shape	  optimization	  or	  topology	  optimization.	  See	  
Ref.	  [7].	  
The	  Size	  optimization	  problem	  consists	   in	  modifying	  the	  section	  or	  the	  thickness	  of	  the	  domain	  but	  
without	  modifying	  the	  shape	  or	  the	  topology.	  (Figure	  2.2)	  
	  
Figure	  2.2:	  Size	  optimization	  example.	  
The	  Shape	  optimization	  consists	  of	  modifying	   the	  geometry	  of	   the	  domain	  preserving	   its	   topology,	  
which	  means	  modifications	  in	  the	  domain	  without	  creating	  voids	  or	  cavities	   inside.	  This	  type	  of	  has	  
its	  mathematical	  bases	  well	  established.	  Ref.	  [18].	  However	   its	  main	  drawback	  is	  that	   it	  only	  allows	  
changes	  to	  the	  domain	  boundary,	  limiting	  its	  scope.	  (Figure	  2.3)	  
	  
Figure	  2.3:	  Shape	  optimization	  example.	  
Topology	  optimization	  allows	  modifying	  the	  topology	  of	  the	  domain,	  which	  allows	  large	  modification	  
from	   the	   initial	  morphology.	   The	  domain	   is	   characterized	  by	   finite	   elements	  with	  material	   density.	  
This	   characterization	   allows	   gaps	   with	   zero	   density	   regions.	   Thus,	   topology	   optimization	   is	   a	  
mathematical	  calculation	  with	  the	  objective	  to	  find	  the	  optimum	  material	  distribution	  within	  a	  given	  
design	  space,	  for	  a	  given	  loads	  and	  boundary	  conditions.	  (Figure	  2.4)	  
	  
Figure	  2.4:	  Topology	  optimization	  example	  1.	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Bridges,	  cars,	  airplanes,	  satellites,	  or	  parts	  of	  them	  can	  be	  designed	  using	  one	  of	  the	  three	  strategies	  
of	   structural	  optimization.	   These	   strategies	   can	   support	  engineers	   in	   their	   task	  design	   components	  
able	  to	  fulfill	  some	  given	  requirements	  (Ref.	  [9-­‐10]).	  Figure	  2.5	  shows	  an	  example	  of	  size,	  shape	  and	  
topology	  optimization	  of	  a	  bridge.	  
	  
Figure	  2.5:	  Topology	  optimization	  example	  2.	  
Using	   topology	   optimization,	   engineers	   can	   find	   the	   best	   design	   that	   accomplishes	   the	   designing	  
requirements.	  It	  is	  normally	  used	  with	  the	  objective	  of	  either:	  
• Maximizing	  the	  total	  stiffness	  of	  the	  structure	  under	  certain	  loading	  cases,	  while	  keeping	  the	  
mass	  less	  than	  a	  specific	  value.	  
• Minimizing	  the	  total	  mass	  of	  the	  structure,	  while	  maintaining	  a	  certain	  displacement	  within	  
defined	  limits.	  	  
So,	   the	  solution	  of	   the	  program	   is	  a	   fictitious	  material	  distribution	   that	   fulfils	  a	   set	  of	  performance	  
targets.	  This	  solution	  is	  often	  called	  a	  black-­‐and-­‐white	  design	  (Ref.	  [8]).	  Note	  that	  in	  many	  cases	  it	  is	  
necessary	  to	  use	  methods	  of	  penalty	  or	  filters	  to	  get	  engineering	  useful	  results.	  
Engineers	  generally	   try	   to	  design	  objects	  able	  to	  withstand	  the	  maximum	  stresses	  they	  can	  receive	  
during	  its	  lifetime.	  But	  about	  five	  decades	  ago,	  Schmidt	  proposed	  a	  revolutionary	  idea	  that	  gave	  rise	  
to	   a	   new	   discipline:	   the	   design	   problems	   might	   be	   raised	   systematically	   in	   terms	   of	   constrained	  
minimization	  problems	  and	  could	  be	  solved	  by	  non-­‐linear	  programming	  techniques	  using	  high-­‐speed	  
digital	   computers.	  However,	   since	  Bendsøe	   and	  Kikuchi	   developed	   the	  basic	   concepts	   in	   1988,	   the	  
problems	  of	  topology	  optimization	  have	  traditionally	  raised	  by	  maximum	  stiffness	  formulations.	  Ref.	  
[7]	  and	  Ref.	  [23].	  With	  this	  type	  of	  approach,	  it	  is	  intended	  to	  deliver	  a	  predetermined	  distribution	  of	  
material	  so	  that	  the	  stiffness	  of	  the	  resulting	  part	  could	  withstand	  a	  given	  state	  of	  charge.	  
Topology	  optimization	  is	  used	  for	  the	  design	  process	  in	  order	  to	  obtain	  a	  conceptual	  design	  proposal	  
that	  is	  then	  modified	  to	  improve	  the	  performance	  and	  manufacturability.	  This	  saves	  much	  time	  and	  
cost	  in	  design	  iterations	  while	  improving	  design	  performance.	  	  
The	   black-­‐and-­‐white	   design	   can	   sometimes	   be	   impossible	   to	   manufacture,	   and	   despite	   being	   the	  
optimal	   design	   it	   cannot	  be	   fabricated.	   Therefore,	   sometimes	   it	   is	   necessary	   to	  use	  manufacturing	  
constraints	  in	  the	  topology	  optimization.	  As	  the	  reader	  will	  see	  in	  chapter	  2.5,	  additive	  manufacturing	  
is	  a	  good	  solution	  to	  fabricate	  these	  results	  with	  the	  optimized	  shapes.	  Ref	  [23].	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We	   will	   now	   describe	   the	   methodology,	   the	   formulation	   and	   the	   parameters	   used	   in	   a	   topology	  
optimization	  analysis	  with	  SAMCEF	  TOPOL.	  	  
SAMCEF	  Field	   is	   able	   to	   launch	  calculations	  with	  TOPOL	   in	  order	   to	  perform	   topology	  optimization	  
analyses.	   The	   process	   follows	   an	   iterative	   methodology	   that	   begins	   with	   the	   creation	   of	   the	  
geometry,	   defining	   the	   loads	   and	   the	  boundary	   conditions	   and	   creating	   the	  mesh	   for	   the	  analysis.	  
Afterwards	  all	  of	  this	  information	  is	  converted	  in	  to	  a	  BACON	  data	  file	  to	  be	  analysed.	  Once	  the	  data	  
file	   is	   ready,	   it	   is	   introduced	   into	   TOPOL	   and	   the	   result	   is	   calculated	   and	   optimized	   until	   the	   last	  
iteration	   is	   reached.	   The	   results	   are	   then	   shown	   in	   the	   “Results”	   module	   so	   as	   to	   do	   the	   post-­‐
processing	  in	  SAMCEF	  Field.	  See	  this	  process	  in	  Figure	  2.6.	  This	  figure	  is	  inspired	  in	  Ref.	  [11].	  
	  
	  
	  
	  
	  
	  
Figure	  2.6:	  SAMCEF	  procedure	  to	  perform	  a	  topology	  optimization	  analysis.	  
To	  describe	  the	  formulation,	   it	   is	  necessary	  to	  know	  that	  topology	  optimization	  begins	  with	  a	  finite	  
elements	  discretisation	  of	  the	  whole	  domain	  of	  the	  work.	  This	  software	  works	  with	  a	  design	  variable	  
that	  represents	  the	  density	  in	  each	  of	  the	  finite	  elements	  and	  which	  takes	  a	  value	  from	  zero	  to	  one	  
(where	  0	   is	  no	  material	  and	  1	   is	  full	  of	  material).	  SAMCEF	  solves	  these	  problems	  through	  a	  CONLIN	  
algorithm	   using	   design	   variables	   in	   order	   to	   get	   conservative	   approximations	   to	   the	   objective	  
function	  and	  to	  the	  constraints	  (Ref.	  [17]).	  Therefore,	  the	  primary	  optimization	  problem	  is	  replaced	  
with	  a	  sequence	  of	  approximate	  problems	  with	  a	  simple	  algebraic	  structure.	  These	  sub	  problems	  are	  
convex	  and	  separable	  and	  they	  can	  be	  solved	  efficiently.	  	  
The	  classical	   formulation	  corresponds	  to	  an	  efficient	  optimization	  algorithm	  adapted	  to	  solve	  many	  
problems	  and	  it	  consists	  of	  minimizing	  some	  objective	  functions	  subject	  to	  constraints.	  See	  Ref	  [11]	  
and	  Ref.	   [17].	  Mathematically,	   the	  numerical	  optimization	  problem	  can	  be	  written	   in	   the	   following	  
general	  form:	   min𝑔! 𝑥   	   	   Objective	  functions	   (1)	  𝑔!(𝑥) ≤ 𝑔!!"#	   	   General	  constraints	   (2)	  𝑥! ≤ 𝑥! ≤ 𝑥! 	  	   	   Side	  constraints	   (3)	  
The	  functions	  𝑔! 𝑥 	  (for	  𝑙 = 0,… , 𝑛𝑐 	  are	  linear	  functions	  of	  the	  design	  variables	  𝑥!.	  The	  objective	  
function	   (1)	   usually	   represents	   a	   structural	   characteristic	   to	   be	   minimized	   (e.g.	   the	   weight).	   The	  
inequalities	   (2)	   are	   the	   behaviour	   constraints	   that	   impose	   limitations	   on	   structural	   response	  
quantities.	  The	  design	  variables	  must	  also	  be	  bounded	  by	  the	  side	  constraints	   (3),	  where	  𝑥! 	  and	  𝑥! 	  
are	  lower	  and	  upper	  limits.	  
Model	  geometry	  
Loads	  and	  Boundary	  
conditions	  
Mesh	  
FE	  model	  
SAMCEF	  
(BACON	  data	  file)	  
TOPOL	  
SAMCEF	  (Asef/Dynam)	  
Optimizer	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This	   classical	   formulation	   can	  be	  adapted	  depending	  on	   the	  objective	  of	   the	  analysis	   that	   the	  user	  
wants	  to	  perform.	  In	  this	  thesis	  the	  analysis	  is	  a	  Linear	  Static	  Load	  case.	  	  So,	  for	  this	  kind	  of	  analysis	  
the	  formulation	  is	  done	  in	  order	  to	  achieve	  the	  objective	  of	  maximizing	  the	  stiffness	  of	  the	  structure.	  
However,	  this	  maximization	  must	  be	  done	  with	  a	  given	  volume	  using	  only	  a	  percentage	  of	  material	  
specified	   for	   reaching	   solution.	  Moreover,	   the	   result	  must	   obviously	   consider	   a	   load	   case	   that	   the	  
component	  will	   have	   applied.	   Other	   types	   of	   analyses	   can	   be	   done	   such	   as	  modal	   analyses	   or	   an	  
analysis	  with	  bounded	  displacements.	  For	  a	  Linear	  Static	  Load	  case	  the	  formulation	  is	  written	  below	  
(Ref.	  [9]	  and	  Ref	  [11]).	  
	   	   	   min 𝐶! = 𝑔!!𝑞! 	  	  	   With	   	  𝐾𝑞! = 𝑔! 	  	   	   (4)	  
Subject	  to	  	   	   𝜇!𝑉!! ≤ 𝑉	   	   	   	   	   	   (5)	  
Side	  constraints	   0 < 𝜇! ≤ 𝜇! ≤ 1	   	   	   	   	   (6)	  
Design	  variables	  	   𝜇 = 𝜇! , 𝑖 = 1,… , 𝑛 	   	   	   	   	   (7)	  
Where	  the	  number	  of	  cases	  is	  represented	  by	  𝑙 = 1,… , 𝑛𝑐	  
In	   the	   objective	   equation	   (4),	  𝐶! 	   is	   the	   compliance	   for	   the	   load	   case	   𝑙,	  𝐾	   represents	   the	   stiffness	  
matrix,	  𝑞! 	  the	  nodal	  displacements	  for	  the	  load	  case	  𝑙	  and	  𝑔! 	  the	  nodal	  loads	  also	  for	  the	  load	  case	  𝑙.	  
The	   stiffness	   matrix	   is	   calculated	   using	   the	   matrix	   of	   any	   finite	   elements	   of	   the	   SAMCEF	   library	  
(volume,	  shell,	  beam…)	  	  
In	  the	  equation	  (5)	  𝜇! 	  is	  the	  design	  variable	  and	  represents	  the	  density	  attached	  to	  the	  element	  𝑖,	  𝑉! 	  
represents	  the	  volume	  of	  the	  element	  𝑖	  and	  𝑉	  is	  the	  available	  amount	  of	  material	  (The	  volume	  of	  the	  
raw	  material).	  
Hence	  the	  result	  is	  a	  material	  distribution	  along	  the	  whole	  domain	  with	  material	  only	  in	  the	  elements	  
where	  it	  is	  necessary.	  The	  design	  variable	  that	  has	  been	  defined	  (𝜇! 	  density	  attached	  to	  the	  element	  𝑖)	  has	  a	  value	  between	  zero	  and	  one	  for	  each	  element.	  Ref	  [11].	  
If	  𝜇! ≈ 1 → 𝐸! = 𝐸!	  and	  𝜌! = 𝜌!	  and	  the	  element	  𝑖	  has	  material	  at	  the	  solution.	  
If	  𝜇! ≈ 0 → 𝐸! = 0	  and	  𝜌! = 0	  and	  the	  element	  𝑖	  has	  no	  material	  at	  the	  solution.	  
The	   materials	   proprieties	   of	   the	   elements	   are	   important	   as	   well	   because	   the	   proprieties	   of	   each	  
element	  are	   calculated	  using	   the	  design	  variable	  with	   the	   following	  equations	   (8)	   and	   (9).	  Ref	   [11]	  
and	  Ref	  [19].	   𝜌! = 𝜇!𝜌!	   	   (8)	  𝐸! = 𝜇!!𝐸!	   	   (9)	  
Where	  𝐸!	  is	  the	  Young	  modulus	  of	  the	  base	  material	  and	  𝜌!	  is	  the	  mass	  density	  of	  the	  base	  material.	  
And	  𝑝	  is	  the	  penalty	  factor	  that	  must	  be	  at	  least	  2.	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Finally,	  to	  execute	  a	  topology	  optimization	  problem	  in	  SAMCEF,	  some	  parameters	  need	  to	  be	  set	  up	  
before	   launching	  the	  solver.	  This	  kind	  of	  analysis	  has	   its	  own	  particularities,	  some	  of	  them	  used	  on	  
the	  thesis.	  These	  particularities	  are	  described	  in	  this	  section.	  The	  information	  below	  is	  extracted	  from	  
Ref.	  [3-­‐4].	  
Analysis	  	  
This	  type	  of	  analysis	  is	  obtained	  using	  the	  topology	  domain	  from	  the	  Solver	  Settings	  dialog.	  The	  only	  
analysis	  available	  is	  the	  linear	  static.	  All	  of	  the	  analysis	  data	  are	  available	  in	  this	  type	  of	  linear	  static	  
analysis,	  but	  some	  other	  options	  are	  provided	  with	  the	  following	  additions:	  	  
Behaviour:	  
Elements	  can	  be	  defined	  to	  be	  a	  Non	  Optimisable	  Part.	  This	  behaviour	  is	  assigned	  to	  all	  parts	  of	  the	  
structure	  that	  are	  not	  to	  be	  included	  in	  the	  optimization	  process.	  This	  option	  is	  used	  in	  the	  thesis	  to	  
ensure	  that	  the	  support	  will	  have	  a	  place	  to	  fix	  the	  motor.	  
Solver:	  
Special	  parameters	  can	  be	  modified	  so	  as	  to	  define	  the	  process	  for	  optimising	  material	  distribution.	  
• Static	  analysis	  
Once	  this	  option	  is	  checked,	  a	  static	  analysis	  is	  performed.	  	  	  	  
• Modal	  analysis	  
Once	  this	  option	  is	  checked,	  a	  modal	  analysis	  is	  performed.	  To	  do	  so,	  the	  following	  parameters	  
have	  to	  be	  defined:	  
o Number	  of	  modes	  to	  be	  included	  in	  the	  analysis	  
o Pulsation	  minimum:	  the	  lowest	  mode	  frequency,	  i.e.	  all	  frequencies	  below	  this	  value	  will	  
be	  ignored.	  	  
• Initial	  run	  
Once	  this	  option	  is	  checked,	  an	  initial	  analysis	  is	  performed.	  This	  option	  can	  be	  checked	  off	  if	  
an	  analysis	  has	  already	  been	  performed	  and	  the	  model	  has	  not	  changed	  since.	  	  
• Full	  Run	  at	  End	  
Once	  this	  option	  is	  checked,	  a	  full	  analysis	  is	  performed	  at	  the	  end	  of	  the	  optimisation	  process	  
using	  the	  optimised	  values.	  	  
• Number	  of	  Iterations	  
The	   number	   of	   iterations	   to	   be	   performed	   can	   be	  modified	  with	   this	   value.	   	   This	   number	   is	  
always	  carried	  out.	  This	  value	  is	  modified	  in	  the	  work	  so	  as	  to	  get	  higher	  accuracy.	  
• Restart	  
This	   option	   can	   be	   used	   when	   all	   iterations	   have	   been	   completed	   and	   the	   user	   wishes	   to	  
continue	  with	  the	  computations	  from	  the	  last	  iteration.	  	  
• Penalty	  factor	  
The	  penalty	   factor	   is	   used	   to	  penalize	   intermediate	  densities.	   This	  must	  be	  at	   least	   2	   and	   in	  
general	  should	  not	  be	  greater	  than	  4.	  
• Progressive	  
Once	  this	  option	  is	  checked,	  the	  penalty	  factor	  is	  linearly	  increased	  according	  to	  the	  number	  of	  
iterations.	  	  
• Symmetry	  
This	  option	  allows	  the	  user	  to	  force	  the	  symmetry	  of	  the	  solution.	  The	  symmetry	  can	  be	  done	  
in	  one	  of	  the	  global	  model	  directions.	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• Filter	  
Once	  this	  option	  is	  checked,	  the	  appearance	  of	  "Chess	  arrays"	  in	  the	  solution	  can	  be	  avoided.	  
This	  filtering	  effect	  is	  illustrated	  in	  the	  Figure	  2.7.	  
	  
	  
Figure	  2.7:	  Filter	  deactivated/activated.	  
• Post	  %	  Density	  Purge	  
This	   parameter	   defines	   percentage	   of	   the	  material	   to	   be	   removed	   from	   the	   display	   on	   the	  
creation	  of	  the	  .vrml	  file.	  	  
• Target	  Volume	  
The	   target	  volume	   indicates	   the	  mass	  percentage	   relative	   to	   the	   raw	  material	  mass	   that	   the	  
solution	  will	  have.	  This	  value	  must	  be	  within	  the	  range	  0	  and	  1.	  When	  using	  big	  volumes	  of	  raw	  
material,	   it	   is	  better	   to	  define	  a	   small	  percentage.	  However,	  when	  considering	  optimizations	  
with	  less	  material,	  a	  small	  percentage	  would	  not	  give	  accurate	  results.	  
• Minimum	  density	  
This	   parameter	   defines	   the	  minimum	  density	   value	   to	   be	   used.	   It	   is	   recommended	   to	   use	   a	  
value	  of	  0.01	  for	  a	  static	  analysis	  and	  0.1	  for	  a	  modal	  analysis.	  	  
	  
Results	  
The	  result	  obtained	  when	  the	  optimization	  process	  is	  finished	  is	  a	  mass	  density	  distribution.	  	  
In	  addition	  the	  following	  functions	  are	  also	  available	  according	  to	  the	  type	  of	  analysis	  carried	  out.	  	  
• The	  variation	  in	  total	  mass	  as	  a	  function	  of	  the	  number	  of	  iterations.	  	  
• The	  variation	  in	  energy	  as	  a	  function	  of	  the	  number	  of	  iterations.	  	  
• The	  variation	  in	  the	  frequency	  of	  the	  first	  mode	  as	  a	  function	  of	  the	  number	  of	  iterations.	  	  
• The	  variation	  in	  displacements	  as	  a	  function	  of	  the	  number	  of	  iterations.	  	  
• The	  variation	  in	  densities	  (skyline	  density	  profile).	  	  
The	  figures	  in	  the	  following	  page	  show	  two	  examples	  of	  the	  results	  of	  topology	  optimization.	  The	  first	  
one,	  Figure	  2.8,	   represents	  a	   two-­‐dimension	  analysis	  of	  a	  bridge.	  A	   rectangular	  plane	   is	   set	  as	   raw	  
material,	   completely	   fixed	   in	   the	   left-­‐down	   corner	   and	   partially	   fixed	   (vertical	   displacements	  
restricted)	  in	  the	  right-­‐down	  one.	  This	  surface	  has	  a	  load	  applied	  in	  the	  upper	  edge.	  See	  in	  the	  results	  
that	  the	  mass	  distribution	  is	  connected	  to	  the	  fixed	  places.	  	  
The	  second	  one,	  Figure	  2.9,	   illustrates	  the	  same	  example	  but	  done	  with	  a	  three	  dimension	  analysis.	  
In	  this	  case	  the	  result	  shown	  is	  the	  .vrml	  file	  opened	  with	  the	  Cortona	  viewer.	  This	  viewer	   is	  a	  free	  
tool	   developed	   by	   Cortona3D,	   which	   is	   ideal	   for	   viewing	   3D	   models	   with	   an	   Internet	   browser.	   It	  
allows	  the	  user	  to	  view	  .vrml	  files	  and	  other	  3D	  documentation.	  See	  Ref.	  [24].	  
Both	  analyses	  are	  performed	  with	  SAMCEF	  Field	  using	  the	  topology	  optimization	  analysis.	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Figure	  2.8:	  Example	  of	  mass	  density	  distribution	  (analysis	  performed	  with	  SAMCEF).	  
	  
	  
Figure	  2.9:	  Example	  of	  .vrml	  file	  opened	  with	  Cortona	  Viewer.	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2.5	  Additive	  manufacturing	  
Additive	   manufacturing	   (AM)	   is	   a	   process	   to	   make	   three-­‐dimensional	   objects	   by	   superposing	  
successive	  layers	  of	  material.	  The	  process	  generally	  uses	  metals	  and	  plastics,	  but	  other	  materials	  like	  
sand,	  concrete	  or	  food	  can	  also	  be	  used.	  The	  objects	  made	  with	  this	  technique	  can	  have	  nearly	  any	  
geometry	   and	   can	   be	  made	   directly	   from	   a	   3D	   file	   designed	   in	   a	   computer	   (Ref	   [12]).	   AM	   allows	  
engineers	   to	   design	   and	   build	   complex	   shapes	   using	   topology	   optimization.	   As	   stated,	   topology	  
optimization	   places	  material	   only	  where	   the	   part	   needs	   to	  withstand	   stresses	   and	   sometimes	   the	  
result	   can	   only	   be	  manufactured	   with	   AM.	   The	   advantage	   is	   that	   these	   parts	   are	  made	   with	   less	  
material	  than	  conventional	  machining	  techniques.	  
Around	  1980	  nearly	  all	  metalworking	  production	  was	  done	  by	  traditional	  manufacturing	  techniques	  
(casting,	   stamping,	  machining…).	   These	   techniques	  had	  high	   levels	  of	   automation	  but	  most	  people	  
only	   thought	   in	   processes	   for	   removing	   material.	   However	   the	   idea	   of	   manufacturing	   a	   piece	   by	  
adding	   material	   began	   to	   challenge	   that	   assumption.	   Nevertheless,	   in	   the	   1990s	   decade,	   new	  
techniques	  of	  additive	  manufacturing	  were	  developed	  at	  Stanford	  and	  Carnegie	  Mellon	  University.	  In	  
the	  decade	  of	  2000s,	  these	  techniques	  matured	  and	  the	  idea	  of	  removing	  material	  was	  no	  longer	  the	  
only	  process	  to	  manufacture	  components	  (Ref	  [12]).	  
At	   present,	   there	   are	   several	   techniques	   of	   additive	   manufacturing	   and	   loads	   of	   components	  
manufactured	   with	   these	   techniques,	   even	   in	   our	   daily	   live.	   The	  main	   differences	   between	   these	  
techniques	  are	  the	  way	  the	  layers	  are	  deposited	  and	  the	  used	  materials.	  Some	  methods	  melt	  powder	  
material,	   e.g.	   selective	   laser	   melting	   (SLM),	   while	   others	   harden	   liquid	   materials	   using	   advanced	  
technologies.	  Laminated	  object	  manufacturing	  (LOM)	  is	  another	  technique	  that	  cuts	  thin	  layers	  and	  
joins	  them	  for	  making	  the	  object	  (e.g.	  paper).	  See	  Ref	  [25].	  	  It	  also	  exists	  3D	  printing	  that	  relies	  in	  the	  
idea	  of	  a	  head	  moving	  through	  a	  three-­‐dimensional	  space	  and	  transforms	  a	  mass	  of	  raw	  material	  into	  
a	  3D	  object	   layer	  by	   layer.	  The	  following	   lines	  of	   the	  thesis	   focus	  on	  the	   first	   techniques	  which	  are	  
used	  for	  aluminum	  fabrication.	  
The	  process	  of	   additive	   layer	  manufacturing	   (ALM)	   starts	  by	  generating	  a	  CAD	   file.	  Once	   the	   three	  
dimension	  model	  is	  designed,	  it	  can	  be	  divided	  in	  layers.	  However,	  before	  the	  division	  it	  is	  necessary	  
to	  make	  manufacturing	  decisions.	  The	  most	   important	   is	  the	  orientation	  of	  these	   layers.	  Each	   layer	  
corresponds	  to	  a	  cross	  section	  of	  the	  CAD	  model	  and	  its	  thickness	  depends	  on	  the	  machine	  and	  the	  
type	  of	  material	  used.	  Typical	  layer	  thickness	  is	  around	  100	  µm.	  	  
The	   raw	   material	   for	   ALM	   is	   a	   powder,	   which	   can	   be	   a	   thermopolymer	   or	   a	   metal;	   aluminum,	  
stainless	  steel	  and	  titanium	  are	  common.	  A	  layer	  of	  powder	  is	  spread	  in	  the	  printing	  chamber,	  which	  
is	  heated	  around	  10ºC	  below	  the	  melting	  point	  of	   the	  material	   (this	  ensures	   that	   the	   laser	  used	  to	  
heat	  the	  powder	  can	  melt	  it	  quickly).	  Then,	  a	  beam	  of	  energy	  (laser	  or	  electron	  beam)	  scans	  across	  
the	  surface,	  melting	  the	  powder	  of	  determinate	  points.	  Another	  layer	  of	  powder	  is	  spread	  over	  the	  
previous	  one	  and	  the	  process	  is	  repeated.	  Once	  the	  part	  is	  built,	  it	  is	  inside	  of	  a	  bloc	  of	  non-­‐melted	  
powder,	  which	  has	  to	  be	  removed.	  In	  addition	  some	  models	  require	  internal	  supports	  that	  have	  to	  be	  
removed.	  See	  Ref	  [13].	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Additive	  manufacturing	  techniques	  can	  use	  various	  materials	   in	   the	  same	  piece,	  or	  even	  work	  with	  
different	  colours	  which	  will	  not	  require	  painting.	  
All	  of	  the	  techniques	  used	  for	  additive	  manufacturing	  have	  advantages	  and	  disadvantages.	  However,	  
there	   is	  one	  advantage	  present	   in	  all	  methods:	  the	  possibility	  of	  creating	  almost	  any	  geometry	  and	  
the	   freedom	   that	   this	   technology	   offers	   to	   engineers	   (Ref.	   [25]).	   In	   addition,	   the	   other	   main	  
advantage	  is	  that	  additive	  manufacturing	  use	  only	  the	  necessary	  material	  to	  produce	  the	  part,	  while	  
traditional	  techniques	  use	  more	  than	  the	  essencial.	  	  
However,	  controlling	  the	  temperature	  of	  the	  printing	  chamber	  is	  very	  difficult.	  Therefore	  the	  major	  
drawback	  of	  this	  technology	  is	  that	  it	  is	  difficult	  to	  obtain	  the	  same	  proprieties	  for	  each	  part.	  	  
When	   the	   technology	   was	   introduced	   it	   was	   only	   used	   for	   creating	   prototypes	   or	   for	   visualizing	  
models.	  Nowadays	  additive	  manufacturing	  is	  being	  used	  to	  fabricate	  end-­‐use	  products	  for	  example	  in	  
aircrafts	   or	   in	   automobiles.	   However,	   its	   applications	   are	   not	   only	   in	   the	   industry	   sector.	   The	  
development	   of	   this	   technique	   has	   supposed	   a	   huge	   impact	   in	   several	   fields.	   Countless	   medical	  
devices	   such	   as	   prosthesis,	   dental	   restorations	   or	   completely	   personalized	   implants,	   are	  
manufactured	   with	   additive	   manufacturing.	   The	   artists	   use	   this	   technology	   to	   design	   jewels	   or	  
decoration	  objects	  and	  also	   the	  aerospace	   industry	   is	  using	  additive	  manufactured	  parts	   to	   reduce	  
the	  weight	  of	  the	  components.	  In	  Figure	  2.10,	  examples	  of	  additive	  manufactured	  are	  illustrated.	  
In	  summary,	  this	  is	  a	  new	  technology	  with	  a	  huge	  potential	  that	  can	  strongly	  change	  the	  things	  in	  the	  
next	  years.	  
The	  reader	  can	  found	  an	  interesting	  article	  about	  the	  rise	  of	  additive	  manufacturing	  in	  Ref.	  [13].	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  2.10:	  Examples	  of	  additive	  manufactured	  componentss.	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  Electric	  motor	  support	  
3.1	  Introduction	   	  
This	  part	  of	  the	  thesis	  describes	  the	  actual	  situation	  of	  the	  motor	  support	  and	  the	  process	  to	  design	  a	  
new	  support.	  This	  chapter	  also	  explains	  all	  the	  procedures	  used	  to	  introduce	  a	  model	  in	  SAMCEF	  and	  
the	  analysis	  of	  the	  results.	  
The	   first	   subsection	   explains	   the	   actual	   motor	   analysis.	   To	   study	   it,	   it	   is	   necessary	   to	   define	   the	  
geometry	  of	   the	   support	   and	   the	  other	   necessary	   elements	   to	  perform	   the	   study.	  Afterwards,	   the	  
behaviour	   and	   the	  materials	  must	   be	   defined	   in	   order	   to	  make	   them	  objects	   of	   study	   or	   auxiliary	  
elements	   (necessary	   for	   the	   analysis).	   The	   next	   step	   is	   crucial,	   the	   definition	   of	   the	   loads	   and	  
constraints.	   It	   is	   important	   to	   define	   correctly	   the	   loads,	   constraints,	   restrictions	   and	   boundary	  
conditions	  that	  will	  be	  applied	  to	  the	  model.	  These	  must	  be	  as	  similar	  to	  reality	  as	  possible	  because	  
the	  veracity	  of	  the	  analysis	  depends	  on	  the	  reliability	  of	  this	  step.	  These	  values	  will	  also	  be	  applied	  in	  
the	  new	  designs	   to	  compare	   the	   results	  with	   the	   same	   load	  case,	   so	   their	  definition	   represents	  an	  
essential	  aspect	  of	  the	  method.	  Finally,	  the	  last	  step	  is	  to	  define	  a	  mesh	  in	  order	  to	  continue	  with	  the	  
finite	  element	  analysis.	  The	  mesh	  is	  very	   important	  because	  the	  results	  will	  change	  according	  to	   its	  
definition.	  Once	  all	  the	  steps	  are	  completed,	  the	  solver	  can	  be	  launched.	  
The	  next	  subsection	  contains	  the	  topology	  optimization	  analysis.	  With	  these	  results,	  a	  new	  support	  
will	  be	  designed	  and	  analysed	  in	  the	  last	  subsection.	  
All	   the	   vocabulary	   used	   in	   this	   chapter	   is	   inspired	   in	   the	   terminology	   used	   in	   SAMCEF	   (Ref	   [3-­‐4]).	  
Therefore,	  all	  the	  expressions	  such	  as:	  behaviour,	  rigid	  or	  flexible	  volume,	  shell,	  clamp	  fixation,	  mean	  
assembly,	   constraints,	   mesh,	   equivalent	   stress,	   nodal	   displacements,	   etc.	   are	   extracted	   from	   the	  
program	  terminology.	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3.2	  Actual	  motor	  support:	  
3.2.1	  Geometry	  	  
In	  addition	  to	  the	  support	  geometry,	  which	  has	  been	  introduced	  in	  the	  model	  of	  study,	  some	  other	  
elements	   are	   necessary	   to	   perform	   the	   FEA.	   Of	   course	   the	   motor	   support	   geometry	   is	   the	   most	  
important;	   it	  has	  been	   imported	  from	  Catia	  with	  an	   IGS	  file	   (.igs)	  but	  with	  some	  modifications.	  The	  
geometric	   model	   for	   the	   study	   has	   four	   holes	   instead	   of	   two	   big	   slots	   all	   along	   the	   base.	   This	  
modification	  is	  done	  in	  order	  to	  make	  the	  fixation	  easier.	  
Two	  other	  elements	  (defined	  as	  rigid	  elements)	  are	  necessary	  to	  perform	  the	  analysis.	  The	  first	   is	  a	  
cylinder	  that	  will	   represent	  the	  output	  shaft	  of	   the	  motor	   (shaft-­‐cylinder).	  The	  second	  element	   is	  a	  
group	   of	   cylinders	   that	  will	   represent	   the	  motor	   and	   the	   bolts	   for	   fixing	   it	   at	   the	   support	   (motor-­‐
cylinder).	  In	  Figure	  3.1	  one	  can	  see	  these	  geometries.	  
	  
Figure	  3.1:	  Geometry	  of	  the	  model.	  
The	  length	  of	  the	  cylinders	  has	  been	  defined	  to	  fulfil	  the	  necessary	  conditions	  to	  apply	  the	  loads.	  The	  
shaft-­‐cylinder	  goes	  out	  from	  the	  support	  a	  distance	  of	  20mm	  corresponding	  to	  the	  small	  gear	  at	  the	  
output	   of	   the	   motor.	   The	   motor-­‐cylinder	   has	   four	   small	   cylinders	   of	   10mm	   and	   a	   big	   cylinder	   of	  
150mm	  in	  height.	  The	  thickness	  of	  the	  support	  is	  8mm,	  so	  the	  farthest	  surface	  of	  the	  motor-­‐shaft	  is	  
located	  at	  152mm	  from	  the	  fixation	  point	  of	  the	  support	  (see	  the	  reason	  in	  chapter	  3.2.3).	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3.2.2	  Behaviour	  and	  material	  	  
To	  proceed	  with	  the	  analysis,	   the	  next	  step	   is	  to	  define	  the	  behaviour	  and	  the	  materials	  data	  of	  all	  
the	   components.	   The	   behaviour	   determinates	   how	   SAMCEF	   will	   deal	   with	   each	   component.	   Each	  
part	  can	  be	  defined	  as	  Volume,	  Composite	  volume,	  Beam,	  Shell,	  etc.	  Once	  the	  behaviour	  is	  chosen,	  
other	   parameters	   can	   be	   defined:	   	   flexible	   or	   rigid,	   the	   size	   and	   dimensions	   of	   the	   beam,	   the	  
thickness	   of	   the	   shell	   and	  many	   others.	   The	  material	   is	   used	   to	   determinate	   the	   results.	  With	   the	  
Young	   modulus	   and	   the	   Poisson’s	   ratio,	   SAMCEF	   can	   determine	   the	   stress	   and	   the	   displacement	  
values	  of	  the	  nodes	  according	  to	  the	  load	  case	  and	  kinematic	  constraints	  introduced.	  
All	  the	  elements	  have	  been	  defined	  as	  volumes.	  A	  flexible	  volume	  has	  been	  applied	  to	  the	  geometry	  
of	   the	   support.	   The	   shaft-­‐cylinder	   and	   the	  motor-­‐cylinder	   have	   been	   defined	   as	   rigid	   volumes.	   By	  
doing	  so,	  the	  object	  of	  study	  will	  just	  be	  the	  support	  and	  the	  auxiliary	  elements	  will	  only	  be	  used	  to	  
apply	  the	  forces.	  
On	  one	  hand,	  the	  material	  of	  the	  elements	  has	  been	  defined.	  The	  support	  is	  made	  of	  aluminum,	  so	  
the	   main	   characteristics	   of	   this	   material	   have	   been	   introduced	   to	   the	   program.	   For	   the	   other	  
elements,	   the	  program	  requires	   some	  material	   to	  perform	  the	  analysis;	   they	  have	  been	  defined	  as	  
steel	  (Therefore	  they	  are	  more	  resistant	  than	  the	  support).	  Table	  3.1	  reports	  the	  values	   introduced	  
for	  both	  materials.	  See	  Ref	  [16]	  and	  Ref.	  [26-­‐28].	  
	   Aluminum	   Steel	  
Young	  Modulus	   70000	  MPa	   210000	  MPa	  
Poison	  ratio	   0.346	   0.3	  
Mass	  density	   2710	  Kg/m3	   7800	  Kg/m3	  
Table	  3.1:	  Material	  data	  for	  SAMCEF.	  
Also	  it	  will	  be	  useful	  to	  know	  that	  the	  elastic	  limit	  of	  the	  Aluminum	  selected	  is	  95MPa.	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3.2.3	  Loads	  and	  Constraints	  
Loads	  and	  constraints	  must	  be	  applied	  after	  the	  analysis	  type	  has	  been	  selected	  (Structural	  Analysis);	  
the	  basic	  parameters	  such	  as	  behaviours	  and	  materials	  have	  been	  set.	  Note	  that	  for	  some	  of	  them	  it	  
is	  necessary	  to	  have	  the	  part	  meshed.	  
As	   stated	   before,	   the	   accuracy	   of	   the	   loads	   and	   constraints	   in	   a	   FEA	   has	   a	   huge	   impact	   on	   the	  
accuracy	  of	  the	  simulation	  results.	  
Loads	  
Loads	  are	  the	  applied	  forces	  that	  will	  occur	  during	  the	  operation	  of	  the	  component.	  To	  have	  an	  idea	  
of	  the	  probable	  failures,	  these	  should	  be	  set	  as	  the	  largest	  expected	  loads	  that	  the	  component	  could	  
have	  during	  its	  lifetime.	  Therefore,	  the	  maximum	  values	  will	  be	  used	  rather	  than	  the	  average	  loads.	  
This	  subsection	  of	  the	  thesis	  is	  inspired	  on	  Ref.	  [14].	  
To	   obtain	   accurate	   results,	   it	   is	   important	   to	   ensure	   that	   the	   loads	   are	   applied	   and	   act	   the	  most	  
appropriate	   surfaces	   or	   vertices.	   Considering	   the	   surface	   on	  which	   a	   force	   is	   acting	   can	   affect	   the	  
final	  outcome.	  	  	  
In	  the	  component	  there	  are	  three	  main	  forces	  and	  they	  are	  represented	  in	  Figure	  3.2.	  
	  
	  
Figure	  3.2:	  Resume	  of	  loads	  applied	  to	  the	  support.	  
The	  first	   force	  (F1/	   in	  blue)	   is	  corresponding	  to	  the	  weight	  of	   the	  motor,	  which	  has	  a	  total	  mass	  of	  
2450g	  and	  a	  total	  length	  of	  177.3mm.	  The	  weight	  of	  the	  motor	  is:	  
	  𝐹1 = 𝑚 ∗ 𝑔 = 2.45 ∗ 9.8 = 24.01𝑁	  	  
Where	  “g”	  represents	  the	  gravity	  acceleration.	  
	  
F1	  
F2	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This	   force	   should	   be	   applied	   to	   centre	   of	   gravity	   (c.o.g)	   of	   the	   motor,	   but	   this	   is	   an	   unknown	  
parameter.	  To	  apply	  this	  force,	  a	  conservative	  assumption	  has	  been	  made	  and	  the	  weight	  is	  applied	  
at	  152mm	  from	  the	  fixation	  point	  (at	  the	  end	  of	  the	  motor-­‐cylinder).	  See	  Figure	  3.3	  
	  
Figure	  3.3:	  Schematic	  drawing	  for	  the	  weight	  of	  the	  motor.	  
The	  second	  force	  corresponds	  to	  the	  tension	  of	  the	  chain	  (F2/	  in	  red).	  This	  is	  a	  complicated	  value	  to	  
calculate	   because	   it	   is	   not	   constant	   and	  does	  not	   have	   a	   specific	   direction.	   The	   force	   is	   calculated	  
using	   the	  highest	   value	   to	   ensure	   that	   the	   support	   can	  work	   in	   the	  worst	   conditions.	   This	   value	   is	  
obtained	  at	  the	  beginning	  of	  the	  movement	  when	  the	  car	  is	  stopped	  and	  the	  motors	  start	  to	  work.	  In	  
this	   moment,	   the	  motor	   will	   deliver	   a	   torque	   of	   6820	  mNm	   (Stall	   torque).	   This	   torque	   has	   to	   be	  
transmitted	  to	  the	  wheels	  with	  the	  chain,	  so	  that	   the	  chain	  will	  have	  a	  tension	  proportional	   to	   the	  
torque.	  Figure	  3.4	  represents	  the	  way	  in	  which	  the	  tension	  has	  been	  calculated.	  
	  
Figure	  3.4:	  Schematic	  drawing	  for	  the	  tension	  calculation.	  
The	  gear	  at	  the	  output	  of	  the	  motor	  shaft	  has	  a	  diameter	  of	  d	  =	  35mm	  so,	  the	  tension	  of	  the	  chain	  in	  
the	  moment	  the	  motor	  starts	  working	  is	  just	  the	  relation	  between	  the	  torque	  and	  this	  distance.	  
	  𝑇 = 𝐹2 ∗   𝑑2	  	  And	  the	  result	  is	  that	  the	  force	  is	  F2	  =	  390N.	  
To	   calculate	   the	   force	   direction,	   some	   trigonometry	   needs	   to	   be	   done.	   The	   following	   image	  
represents	  schematically	  the	  chain	  transmission	  system	  used	  in	  the	  car.	  There	  are	  two	  gears;	  one	  in	  
the	  output	  shaft	  of	  the	  motor	  and	  the	  other	  one	  in	  the	  wheel	  shaft	  and	  a	  chain	  connects	  both	  gears.	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The	  small	  gear,	  at	  the	  output	  of	  the	  motor	  has	  an	  external	  diameter	  d=35mm	  and	  12	  teeth	  (z=12).	  
The	   big	   one	   has	   a	   diameter	   of	   D=245mm	   and	   95	   teeth	   (Z=95).	   Figure	   3.5	   contains	   a	   schematic	  
drawing	  of	  the	  transmission	  geometry	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  3.5:	  Schematic	  drawing	  of	  the	  transmission	  geometry.	  
With	   the	  use	  of	  Pythagoras	   theorem,	   the	  parameter	  “c”	  can	  be	  calculated.	  Using	   trigonometry	   the	  
angle	  “α”	  can	  be	  calculated	  too.	  This	  angle	  will	  be	  used	  to	  simulate	  the	  direction	  of	  the	  chain	  tension.	  𝑐 = 300! − 215! ≅ 210𝑚𝑚	  	  sin 𝛼 = !"#!""     →       𝛼 ≅ 45º	  	  Alpha	  is	  not	  exactly	  45º,	  but	  it	  is	  an	  assumption	  that	  can	  be	  done	  in	  order	  
to	  make	  the	  simulation	  process	  easier.	  
Once	   the	   value	   and	   the	   direction	   are	   defined,	   the	   next	   step	   is	   to	   define	   where	   to	   apply	   it.	   This	  
tension	  will	  be	  applied	  in	  a	  section	  at	  20mm	  from	  the	  support,	  where	  the	  gear	   is	  placed.	  Although,	  
this	  tension	  is	  applied	  at	  the	  tooth	  of	  the	  gear,	  (Figure	  3.4),	  an	  assumption	  has	  been	  made	  that	  this	  
tension	  has	  been	  applied	  at	  the	  centre	  of	  the	  shaft.	  See	  the	  Appendix	  1	  to	  view	  the	  verification	  of	  this	  
assumption.	  Figure	  3.6	  sketches	  the	  way	  this	  force	  is	  applied.	  
	  
Figure	  3.6:	  Schematic	  drawing	  for	  the	  tension	  of	  the	  chain.	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Finally,	   the	   third	   force	   that	   the	   support	  will	  withstand	   is	   the	   torque	  of	   the	  motor	   (T/in	   green).	   To	  
represent	   this	   in	   the	   FEA	   analysis,	   the	   maximum	   torque	   (Stall	   torque	   T=6820mNm)	   needs	   to	   be	  
applied	  to	  the	  centre	  of	  the	  motor.	  (Figure	  3.7)	  
	  
Figure	  3.7:	  Schematic	  drawing	  for	  the	  torque	  of	  the	  motor.	  
	  
Constraints	  
While	  loads	  act	  to	  move	  bodies,	  kinematic	  constraints	  limit	  the	  movement	  (translation,	  rotation,	  or	  
both).	  In	  statics,	  this	  is	  known	  as	  limiting	  the	  degrees	  of	  freedom.	  
Time	  and	  effort	  should	  be	  taken	  to	  ensure	  that	  a	  part	  is	  constrained	  in	  the	  program,	  as	  it	  would	  be	  in	  
real	  life.	  Constraints	  are	  applied	  at	  either	  a	  point	  or	  a	  surface	  and	  must	  be	  considered	  carefully.	  	  
Over	  or	  under-­‐constraining	   the	  model	  can	  provide	  useless	   information.	  However,	  using	   the	  correct	  
number	  of	  constraints	  but	  in	  the	  wrong	  places	  can	  be	  just	  as	  bad.	  	  
In	  the	  model	  under	  study,	  constraints	  are	   introduced	  in	  order	  to	  simulate	  the	  bolts	  that	  will	   fix	  the	  
motor	   support	   in	   the	   supporting	   plate.	   For	   this	   reason,	   four	   holes	   are	   done	   and	   the	   cylindrical	  
surfaces	  of	  these	  holes	  are	  fixed	  with	  the	  “clamp”	  option.	  	  
However,	  this	  configuration	  over-­‐constraints	  the	  model.	  In	  the	  results	  of	  this	  analysis,	  some	  elements	  
around	  the	  holes	  appear	  with	  extremely	  high	  stress	  values.	  In	  order	  to	  solve	  this	  problem	  and	  obtain	  
better	  results,	  another	  way	  to	  fix	  the	  support	  is	  used:	  the	  mean	  assembly.	  With	  this	  command	  only	  
one	  vertex	   in	   the	  middle	  of	   the	  hole	   is	   fixed	  with	   the	   clamp	  constraint.	   Then,	  all	   the	  nodes	  of	   the	  
surface	   of	   the	   hole	   are	   fixed	   to	   this	   vertex	   using	   the	   mean	   assembly.	   See	   Appendix	   2	   with	  
information	  about	  the	  difference	  of	  clamp	  and	  mean	  options	  (Ref.	  [4]).	  In	  Figure	  3.8	  it	  is	  represented	  
this	  method	  of	  fixation.	  
T	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Figure	  3.8:	  Mean	  in	  the	  four	  holes	  and	  clamp	  in	  the	  four	  vertices.	  
It	   is	  also	  necessary	   to	  define	   the	  connections	  between	   the	   three	  elements	  of	   the	  geometry.	   In	   the	  
model,	  two	  assemblies	  are	  defined.	  Both	  assemblies	  are	  done	  to	  fix	  the	  cylinders	  to	  the	  support.	  The	  
first	   one	   fixes	   the	   shaft-­‐cylinder	   to	   the	   support	   using	   the	   big	   hole	   and	   the	   second	   one	   fixes	   the	  
motor-­‐cylinder	  in	  the	  four	  small	  holes	  for	  the	  motor	  bolts.	  See	  also	  Appendix	  2	  for	  more	  information	  
about	  the	  fixed	  assembly.	  
3.2.4	  Mesh	  
Mesh	  generation	  aims	  at	  generating	  a	  polygonal	  or	  polyhedral	  mesh	  that	  approximates	  a	  geometric	  
domain.	  As	  stated	  in	  the	  chapter	  2.3	  Finite	  Element	  Analysis,	  the	  subdivision	  of	  a	  whole	  domain	  into	  
simpler	  parts	  has	  several	  advantages,	  but	  in	  some	  cases,	  the	  mesh	  must	  be	  refined	  and	  checked.	  	  
In	  the	  model,	  there	  are	  three	  different	  meshes.	  The	  first	  one	  is	  the	  mesh	  of	  the	  vertex	  for	  defining	  
the	   fixation.	   The	   second	   mesh	   belongs	   to	   the	   shaft-­‐cylinder	   and	   the	   motor-­‐cylinder.	   As	   they	   are	  
defined	  as	  rigid	  bodies,	   their	  mesh	   is	  a	  simple	  representation	  of	  these	  bodies	  so	  as	  to	  transmit	  the	  
loads	  applied	  on	  them.	  See	  Figure	  3.9	  to	  visualise	  these	  meshes.	  
	  
Figure	  3.9:	  Shaft-­‐cylinder	  and	  motor-­‐cylinder	  mesh.	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The	   third	   mesh	   is	   the	   most	   complex	   one.	   The	   mesh	   of	   the	   support	   cannot	   be	   done	   with	   the	  
automatic	  mesher	  of	   SAMCEF.	   It	   is	  necessary	   to	   refine	   it	   and	   to	  adjust	   it	   to	  make	   it	   thinner	   in	   the	  
desired	  places.	  Figure	  3.10	  shows	  this	  mesh;	  there	  one	  can	  see	  that	  the	  mesh	  is	  really	  refined	  so	  as	  to	  
have	   several	   elements	   through	   the	   thickness	   of	   the	   geometry.	   This	   is	   important	   to	   ensure	   good	  
results.	  
	  
Figure	  3.10:	  Old	  support	  mesh.	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3.2.5	  Analysis	  
	  
	  
	  
Figure	  3.11:	  Equivalent	  stress.	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Figure	  3.12:	  Nodal	  displacements.	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After	  defining	   the	  entire	  SAMCEF	  model,	  next	   step	   is	   to	   solve	   it.	   The	   results	   give	   several	  plots	   like	  
Equivalent	  stress,	  Force	  vector,	  Moment	  vector,	  Nodal	  displacements,	  Nodal	  rotation,	  Reactions,	  etc.	  
However,	  the	  results	  used	  are	  for	  our	  study	  are	  the	  Equivalent	  stress	  and	  the	  Nodal	  displacements.	  
(Figure	  3.11	  and	  Figure	  3.12	  in	  previous	  pages)	  
In	  the	  Equivalent	  stress	  plot,	  the	  results	  displayed	  are	  the	  tensions	  calculated	  according	  to	  the	  Von	  
Mises	  yield	  criterion.	  This	  criterion	  suggests	  that	  the	  materials	  start	  to	  yield	  when	  the	  stress	  reaches	  
a	  critical	  value.	  Before	  start	  yielding,	  the	  material	  is	  assumed	  to	  be	  elastic.	  This	  theory	  is	  formulated	  
with	  the	  von	  Mises	  stress,	  related	  to	  the	  distortion	  energy.	  This	  criterion	  can	  only	  be	  used	  for	  ductile	  
materials	  
This	   value	   can	   be	   calculated	   using	   the	   principal	   tensions	   in	   one	   point	   of	   a	   deformable	   solid.	   The	  
expression	  can	  be	  formulated	  like	  in	  equation	  (10).	  	  
 
Being	  𝜎!,	  𝜎!	  and	  𝜎!	  the	  main	  tensions.	  
See	   that	  maximum	   stresses	   are	   located	   in	   the	   fixation	   holes,	   specifically	   in	   the	   hole	   receiving	   the	  
compression.	  The	  maximum	  values	  are	  summarized	  in	  Table	  3.2.	  See	  also	  the	  volume	  and	  the	  weight	  
of	  the	  component.	  
Results	   Motor	  support	  
Volume	  [m3	  ]	   3.00E-­‐04	  
Mass	  [kg]	   0.820	  
σmax	  [MPa]	   41.195	  
Disp.	  max	  [mm]	   0.160	  
Table	  3.2:	  Results	  of	  the	  analysis.	  
Looking	   at	   these	   results	   is	   easy	   to	   reach	   the	   conclusion	   that	   the	   bending	   problem	  does	   not	   come	  
from	  the	  support	  so	  that	  the	  maximum	  deformation	  is	  only	  0.160mm	  (The	  movement	  of	  the	  motor	  
shaft	  is	  approximately	  0.09mm).	  The	  maximum	  tension	  raises	  41.19MPa,	  a	  value	  far	  below	  from	  the	  
elastic	  limit.	  So	  the	  problem	  with	  this	  component	  is	  that	  it	  is	  over	  dimensioned.	  Taking	  into	  account	  
that	  the	  weight	  is	  really	  important	  in	  this	  project,	  the	  mass	  of	  this	  component	  should	  be	  reduced.	  
	  
	  
	  
	   	  
(10)	  
	   	   	  
	   	   Xavier	  Cid	  i	  Majó	  
37	  
	  
	   Topology	  Optimization	  of	  Shell	  Eco-­‐Marathon	  Electric	  Drivetrain	  Components	  
3.3	  Topology	  Optimization	  
This	  part	  of	  the	  thesis	  contains	  the	  calculations	  with	  topology	  optimization.	  Once	  the	  actual	  support	  
has	   been	   studied,	   the	   necessary	   definitions	   to	  make	   this	   kind	   of	   calculations	   can	   be	   done.	   These	  
definitions	  are	  assumptions	  such	  as	  the	  dimensions	  of	  the	  row	  material,	  the	  non-­‐optimisable	  parts,	  
the	  loads	  that	  will	  be	  applied	  and	  the	  way	  to	  fix	  the	  model.	  
However,	  before	  starting	  the	  process,	  the	  surroundings	  of	  the	  support	  must	  be	  known	  and	  studied.	  
This	  way	  the	  design	  restrictions	  can	  be	  defined.	  Figure	  3.13	  and	  Figure	  3.14	  are	  pictures	  of	   the	  car	  
that	   have	   been	   taken	   in	   the	   laboratory.	   There,	   one	   can	   see	   the	   space	   for	   the	   supports	   and	   its	  
surroundings.	  
	  
Figure	  3.13:	  ULg	  car	  for	  Shell	  Eco-­‐Marathon	  1.	  
	  
Figure	  3.14:	  ULg	  car	  for	  Shell	  Eco-­‐Marathon	  2.	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3.3.1.	  Design	  restrictions	  	  
This	   part	   of	   the	   work	   describes	   the	   restrictions	   that	   might	   be	   used	   when	   designing	   the	   new	  
component.	  These	  restrictions	  are	   imposed	  by	  the	  envelope	  of	   the	  component	  and	  they	  will	  affect	  
the	  design	  of	  the	  support.	  For	  the	  motor	  support	  of	  Shell	  Eco-­‐Marathon	  car,	  the	  restrictions	  are	  the	  
followings:	  
Maximum	  height:	  Due	  to	  the	  normative	  of	  Shell	  Eco-­‐Marathon,	  the	  car	  must	  have	  space	  to	  store	  a	  
baggage	  (with	  fixed	  dimensions).	  In	  the	  car	  of	  ULg,	  this	  baggage	  is	  stored	  behind	  the	  pilot,	  over	  the	  
motors.	  Therefore,	  the	  supports	  cannot	  exceed	  a	  maximum	  height	  of	  150mm.	  
The	  volume:	  The	  back	  part	  of	  the	  car	  has	  a	   lot	  of	  components	   interacting	   in	  a	  relative	  small	  space.	  
For	  the	  design	  of	  the	  new	  support	  this	  is	  something	  that	  must	  be	  checked	  in	  order	  to	  not	  to	  take	  up	  
any	  already	  used	  space.	  To	  do	  so,	  the	  design	  will	  begin	  with	  the	  same	  volume	  that	  the	  old	  support	  
and	  with	  the	  optimization	  this	  volume	  will	  be	  reduced.	  
The	   weight:	   In	   a	   race	   where	   the	   most	   important	   is	   the	   energy	   efficiency,	   the	   weight	   of	   the	  
components	   is	  very	   important.	  For	  this	  reason	  the	  aim	  of	  the	  work	   is	  not	  only	  a	  stiffer	  support	  but	  
also	  a	  more	  lightweight	  design.	  
Mobility:	  The	  support	  needs	  to	  have	  long	  fixation	  slots	  so	  that	  it	  can	  move	  over	  the	  supporting	  plate.	  
This	  is	  mandatory	  because	  it	  is	  necessary	  that	  the	  support	  can	  be	  moved	  to	  adjust	  the	  position	  of	  the	  
two	  gears	  and	  set	  the	  chain	  tension.	  
Symmetry:	   Nowadays,	   due	   to	   the	   evolution	   of	   the	   car,	   the	   two	   supports	   are	   different.	   This	   can	  
introduce	  different	   reactions	   and	   stresses	   in	   the	   supporting	  plate.	   Therefore	   the	   restriction	   is	   that	  
both	  suports	  (left	  and	  right)	  must	  be	  equals	  and	  that	  means	  that	  the	  support	  must	  be	  symmetric	  in	  
order	  to	  could	  be	  fixed	  it	  in	  both	  sides	  of	  the	  car.	  
Additive	  manufacturing	  machine:	   The	  maximum	  dimensions	   to	   fabricate	   an	  object	   in	   the	   additive	  
manufacturing	  machine	   from	   the	  ULg	   laboratories	   are	  200x200x200mm.	  The	  design	   should	  not	  be	  
bigger	  than	  this.	  This	  restriction	  has	  been	  satisfied	  automatically	  here.	  
These	  restrictions	  have	  to	  be	  taken	  into	  account	  in	  order	  to	  start	  the	  design	  and	  optimization	  process	  
of	  the	  new	  motor	  support.	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3.3.2	  Definition	  
After	  various	  loops,	  the	  SAMCEF	  model	  is	  defined	  as	  a	  box	  of	  row	  material	  (200x120x120mm)	  with	  a	  
cylindrical	  hole	   inside	   for	   the	  motor.	  Note	   that	   this	   row	  material	   is	   slightly	   smaller	   than	   the	  actual	  
support	  in	  order	  to	  fulfil	  the	  design	  restrictions.	  A	  non-­‐optimisable	  part	  has	  been	  defined	  for	  making	  
the	  fixation	  of	  the	  motor.	  The	  row	  material	  has	  also	  four	  holes	  for	  fixing	  it	  in	  the	  space.	  	  
To	  apply	  the	  loads,	  the	  auxiliary	  geometry	  has	  been	  modified	  (See	  Figure	  3.15).	  Nowadays	  the	  holes	  
in	  the	  support	  do	  not	  match	  the	  holes	  in	  the	  motor.	  However,	  in	  the	  new	  design,	  the	  motor	  must	  be	  
able	  to	  be	  attached	  in	  the	  support	  without	  any	  piece	  to	  adapt	  it.	  
Another	  important	  restriction	  used	  in	  this	  topology	  optimization	  analysis	  is	  that	  the	  solution	  must	  be	  
symmetric;	  this	  is	  done	  to	  fulfil	  the	  imposed	  restrictions.	  Also	  some	  other	  parameters	  are	  necessary	  
for	   this	   kind	   of	   analysis.	   The	   target	   volume	   is	   set	   at	   0.3	   and	   the	   Post	   percentage	   density	   purge	   is	  
defined	  at	  20%.	  
See	  the	  Figure	  3.15	  and	  Figure	  3.16	  to	  view	  the	  raw	  material	  and	  the	  auxiliary	  geometry	  used	  for	  the	  
topology	  optimization	  analysis.	  See	  Appendix	  3	  for	  more	  information	  about	  the	  previous	  models	  that	  
have	  been	  done.	  
	  
Figure	  3.15:	  Geomatry	  used	  for	  topology	  optimization.	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Figure	  3.16:	  Details	  of	  the	  optimizable	  geometry	  and	  the	  auxiliary	  geometry	  (Option	  B).	  
After	  defining	  the	  geometry,	  it	  is	  also	  necessary	  to	  define	  the	  behaviour,	  the	  materials,	  the	  loads	  and	  
the	   constraints.	   These	   definitions	   are	   the	   same	   as	   for	   the	   study	   of	   the	   motor	   support,	   for	   more	  
details	  see	  chapter	  3.2.2	  and	  3.2.3.	  There	   is	   just	  one	  difference:	  the	  tension	  of	  the	  chain	  (the	  most	  
important	   force)	   is	   incremented	   by	   a	   safety	   factor	   of	   1.3.	   As	   stated	   in	   chapter	   2.5,	   the	   major	  
drawback	  of	  additive	  manufacturing	  is	  the	  inaccuracy	  of	  the	  materials	  proprieties.	  When	  defining	  the	  
load	  case,	  the	  worst	  situation	  was	  considered	  to	  ensure	  a	  proper	  performance,	  but	  this	  drawback	  of	  
additive	  manufacturing	  must	  be	  taken	  into	  account	  when	  designing	  the	  new	  support.	  This	  is	  why	  the	  
safety	  factor	  is	  used.	  See	  Ref	  [15].	  
After	  all	  the	  definitions,	  the	  mesh	  can	  be	  done.	  The	  mesh	  of	  the	  auxiliary	  geometry	  is	  the	  same	  as	  in	  
chapter	  3.2.4.	  On	  the	  other	  hand,	  the	  mesh	  of	  the	  main	  body	  is	  done	  as	  thin	  as	  possible	  (always	  with	  
a	  computable	  number	  of	  nodes).	  This	  is	  done	  to	  have	  a	  better	  idea	  of	  the	  optimum	  shape.	  Also	  it	  has	  
been	  done	  with	  a	   regular	  distribution	  of	   the	  elements	  because	   irregular	  meshes	  are	  prone	   to	  give	  
poor	  results	  in	  topology	  optimization	  analyses.	  The	  Figure	  3.17	  shows	  a	  detail	  of	  the	  mesh.	  
	  
Figure	  3.17:	  Mesh	  of	  the	  optimizable	  part	  (Option	  A	  and	  B	  respectively).	  
Optimizable	  part	   Non	  Optimizable	  part	   Auxiliary	  geometry	  
	   	   	  
	   	   Xavier	  Cid	  i	  Majó	  
41	  
	  
	   Topology	  Optimization	  of	  Shell	  Eco-­‐Marathon	  Electric	  Drivetrain	  Components	  
3.3.3	  Results	  
To	  perform	  a	  topology	  optimization	  in	  SAMCEF	  field,	  it	  is	  only	  necessary	  to	  define	  in	  the	  solver	  driver	  
setting	  that	  the	  domain	  is	  “topology	  optimisation”	  and	  then	  launch	  the	  solver.	  
After	  a	  fixed	  number	  of	  iterations,	  the	  results	  are	  displayed	  as	  a	  mass	  density	  distribution.	  As	  stated	  
before	  in	  the	  chapter	  2.4,	  topology	  optimization	  assigns	  to	  each	  element	  a	  value	  of	  density	  (between	  
0	  and	  1)	  where	  0	  is	  no	  material	  and	  1	  is	  full	  of	  material.	  	  
Along	  the	  work,	  the	  pictures	  corresponding	  to	  the	  results	  of	  the	  topology	  optimization	  are	  extracted	  
from	  the	  mass	  distribution	  solution.	   In	   these	  results	   the	  material	   zone	   is	   represented	   in	   red	  colour	  
and	   the	   colour	   blue	   refers	   to	   the	   zones	  with	   no	   density	  material.	   Therefore,	   the	   range	   of	   colours	  
between	  these	  two	  belongs	  to	  zones	  having	  some	  percentage	  of	  material.	  SAMCEF	  field	  also	  offers	  
the	  opportunity	  to	  visualize	  only	  the	  highest	  values	  in	  order	  to	  have	  a	  better	   idea	  of	  the	  calculated	  
distribution.	  
The	   results	   show	   that	   the	   material	   is	   necessary	   in	   the	   sides	   of	   the	   box	   and	   in	   the	   fixation	   zone	  
(around	  the	  part	  defined	  as	  non-­‐oprimizable).	  The	  sides	  of	  the	  box	  draw	  an	  arch	  of	  material	  that	  goes	  
from	   the	   top	   (in	   the	   motors	   fixation	   zone)	   down	   to	   the	   fixation	   holes	   in	   the	   base.	   Material	   is	  
necessary	  in	  the	  part	  for	  fixing	  the	  motor,	  but	  not	  much	  more	  than	  the	  material	  already	  predefined	  
as	   non-­‐optimizable.	   This	   will	   include	   a	   slightly	   material	   reduction	   in	   comparison	   with	   the	   actual	  
design.	  However,	  the	  most	  important	  material	  reduction	  is	  located	  in	  the	  base.	  The	  results	  show	  that	  
it	   is	  not	  necessary	  to	  have	  the	  base	  full	  of	  material;	   it	   is	  only	  necessary	  to	  have	   it	  near	  the	  fixation	  
holes.	  
These	  results	  will	  be	  used	  to	  perform	  a	  new	  design	  simulating	  the	  material	  distribution	  
See	  Figure	  3.18	  to	  view	  captures	  of	  the	  topology	  optimization	  results.	  
	  
Figure	  3.18:	  Topology	  optimization	  results.	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The	  Figure	  3.19	  shows	  the	  results	  visualized	  as	  a	   .vrml	  file	  with	  the	  Cortona	  viewer,	  there	  it	  can	  be	  
seen	  just	  the	  necessary	  material.	  
	  
	  
	  
	  
	  
Figure	  3.19:	  Topology	  optimization	  results	  (.vrml	  file).	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3.4	  Design	  of	  the	  new	  motor	  support	  
This	  part	  of	   the	   thesis	  documents	   all	   the	   tasks	  done	  during	   the	  design	  of	   the	  new	   support	   for	   the	  
electric	  motors.	  
As	  mentioned	  previously,	   the	   actual	   support	   is	   over-­‐dimensioned	   for	   the	   stress	   case	   that	   it	   has	   to	  
withstand.	   So	   a	  weight	   optimization	   is	   necessary	   for	   this	   component.	   Apart	   from	   this,	   the	  weight	  
must	   be	   reduced	  while	   the	   strength	   characteristics	  must	   not	   be	  decreased.	   Topology	  optimization	  
will	  help	  to	  achieve	  these	  objectives.	  
The	  procedure	  for	  reaching	  the	  best	  design	  will	   follow	  a	  step-­‐by-­‐step	  process.	  First	  a	  simple	  design	  
will	   be	   studied	   and	   this	   design	   will	   be	   improved	   following	   the	   results	   provided	   by	   topology	  
optimization.	  Also,	   two	  different	   ideas	  of	  supports	  will	  be	  studied.	  One	   is	  able	   to	  be	  manufactured	  
with	  traditional	  manufacturing	  techniques	  (casting,	  stamping,	  machining…)	  and	  the	  other	  design	  will	  
be	  targeted	  to	  be	  fabricated	  by	  additive	  manufacturing.	  	  
It	   is	   necessary	   to	   comment	   that	   the	   new	   design	   will	   be	   done	   with	   the	   fixation	   holes	   near	   to	   the	  
vertical	  part	  of	  the	  support	  (where	  the	  motor	  is	  fixed).	  This	  is	  done	  so	  as	  to	  minimize	  the	  moment	  of	  
the	  chain	  tension	  and	  also	  to	  avoid	  the	  support	  fixed	  as	  a	  cantilever.	  This	  will	  require	  modifications	  in	  
the	  supporting	  plate	  since	  the	  support	  is	  currently	  fixed	  quite	  far	  from	  the	  force	  of	  the	  chain	  tension.	  
This	  makes	  that	  the	  resultant	  moment	  affects	  to	  the	  whole	  structure.	  Figure	  3.20	  shows	  the	  actual	  
configuration	  and	  the	  transformations	  that	  would	  be	  necessary.	  
	  
Figure	  3.20:	  Representation	  of	  the	  actual	  fixation.	  
	  
	   	  
Cantilever	  
Transformations	  that	  
should	  be	  done	  in	  the	  
supporting	  plate.
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3.4.1	  Design	  process	  
This	  part	  of	  the	  thesis	  describes	  and	  illustrates	  all	  the	  designing	  process	  that	  has	  been	  done	  in	  order	  
to	  reach	  the	  final	  design.	  
As	  stated	  in	  the	  beginning	  of	  this	  chapter,	  the	  procedure	  for	  designing	  the	  new	  support	  will	  be	  done	  
step-­‐by-­‐step.	  The	  process	  will	  starting	  with	  a	  simple	  design	  and	  will	  go	  up	  to	  a	  complex	  version	  that	  
will	   follow	  the	  results	  of	  topology	  optimization	  analysis.	  The	  last	  model	  will	  be	  designed	  thinking	  in	  
the	  possibility	  of	  using	  additive	  manufacturing	  techniques.	  
First	  of	  all,	  it	  is	  necessary	  to	  resume	  the	  results	  of	  the	  actual	  support	  in	  order	  to	  compare	  them	  with	  
the	  new	  models.	  See	   the	  actual	   support	   in	  Figure	  3.21.	  Note	   in	  Table	  3.3,	   that	   the	  problem	   in	   this	  
support	  is	  not	  the	  deformation	  but	  the	  over-­‐dimension.	  Looking	  at	  the	  results	  it	  can	  be	  seen	  that	  the	  
maximum	   stress	   is	   just	   41.195MPa,	   far	   below	   the	   elastic	   limit	   and	   the	   maximum	   deformation	   is	  
0.160mm.	  In	  addition,	  the	  important	  deformation	  value	  for	  the	  aim	  of	  the	  work	  is	  the	  displacement	  
of	  the	  shaft.	  So,	  this	  value	  will	  also	  be	  compared	  among	  all	   the	  models.	  For	  the	  actual	  version,	  the	  
displacement	  of	   the	  shaft	   is	  approximately	  0.09mm.	  Obviously	   this	  value	   is	  not	  enough	  so	  that	   the	  
chain	  comes	  off	  the	  gear,	  but	   in	  this	  analysis	   it	   is	  only	  studied	  the	  deformation	  of	  the	  support.	  The	  
deformation	  of	  the	  supporting	  plate	  is	  not	  considered.	  
	  
	  
	  
Table	  3.3:	  Results	  of	  the	  actual	  support.	  
	  
Figure	  3.21:	  Actual	  support.	  
	  
	  
	  
	  
	  
	  
	  
Results	   Motor	  support	  
Volume	  [m3	  ]	   3.00E-­‐04	  
Mass	  [kg]	   0.820	  
σmax	  [MPa]	   41.195	  
Disp.	  max	  [mm]	   0.160	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The	  first	  idea	  is	  a	  simple	  design,	  only	  a	  metal	  sheet	  folded	  with	  an	  “L”	  shape	  (Figure	  3.22).	  Four	  holes	  
in	   the	   base	   to	   do	   the	   fixation	   and	   the	   holes	   to	   place	   the	   motor	   and	   fix	   it.	   This	   design	   has	   no	  
strengthened	  elements,	  but	  nevertheless	  the	  results	  are	  similar	  to	  the	  actual	  version.	  This	  is	  strange	  
taking	  into	  account	  the	  simplicity	  of	  the	  design,	  but	  it	  proves	  the	  idea	  that	  placing	  the	  fixation	  holes	  
near	  to	  the	  vertical	  sheet	  allows	  reducing	  the	  tensions.	  As	  a	  consequence,	  it	  also	  allows	  the	  reduction	  
of	  the	  material.	  In	  this	  model	  the	  maximum	  tension	  is	  located	  in	  the	  same	  fixation	  hole	  as	  the	  actual	  
support	  and	  the	  displacement	  of	   the	  shaft	   is	  0.057mm.	  Anyway,	   the	  weight	   is	  so	   low	  that	  the	   idea	  
might	  be	  to	  design	  something	  similar	  to	  this	  value.	  See	  these	  results	  in	  Table	  3.4.	  
	  
Table	  3.4:	  Results	  of	  the	  first	  design.	  
	  
	  
Figure	  3.22:	  Model	  1.	  
The	  second	  design	  comes	  from	  the	  idea	  of	  adding	  strengthening	  elements	  to	  reinforce	  the	  corner.	  In	  
this	   case,	   some	  material	   is	   added	   at	   the	   laterals	   of	   the	   previous	   one	   (Figure	   3.23).	   Note	   that	   the	  
tension	  is	  nearly	  divided	  by	  four	  (located	  in	  the	  same	  fixation	  hole).	  Another	  good	  result	  is	  that	  the	  
maximum	   displacement	   is	   nearly	   zero;	   however	   the	  weight	   is	   really	   similar	   to	   the	   actual	   support.	  
These	  results	  can	  be	  improved	  adding	  material	  only	  in	  the	  necessary	  places	  and	  removing	  it	  where	  it	  
is	  not	  needed.	  In	  addition,	  in	  this	  model,	  the	  displacement	  of	  the	  shaft	  is	  0.006mm,	  which	  is	  a	  really	  
interesting	  value.	  See	  these	  results	  in	  Table	  3.5.	  
	  
	  
	  
	  
	  
Table	  3.5:	  Results	  of	  the	  second	  design.	  
	  
	  
Figure	  3.23:	  Model	  2.	  
Results	   1st	  Motor	  support	  
Volume	  [m3	  ]	   2.14E-­‐04	  
Mass	  [kg]	   0.579	  
σmax	  [MPa]	   39.029	  
Disp.	  max	  [mm]	   0.153	  
Results	   2nd	  Motor	  support	  
Volume	  [m3	  ]	   2.91E-­‐04	  
Mass	  [kg]	   0.786	  
σmax	  [MPa]	   9.98	  
Disp.	  max	  [mm]	   6.70E-­‐03	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In	   the	   third	   design,	   some	   material	   has	   been	   removed	   just	   in	   the	   strengthening	   elements	   (Figure	  
3.24).	  Note	  that	  the	  tension	  rises	  up	  to	  the	  double	  than	  the	  previous.	  This	  tension	  remains	  located	  in	  
the	  same	  fixation	  hole;	  however	  it	  is	  a	  value	  completely	  acceptable.	  The	  problem	  is	  that	  the	  mass	  is	  
so	   similar	   than	   the	   second	   model;	   it	   would	   be	   necessary	   to	   do	   more	   weight	   reduction.	   The	  
displacement	  of	  the	  shaft	  has	  a	  really	   interesting	  value	  (0.009mm)	  similar	  to	  the	  previous	  one.	  See	  
these	  results	  in	  Table	  3.6.	  
	  
	  
	  
	  
	  
	  
Table	  3.6:	  Results	  of	  the	  third	  design.	  
	  
Figure	  3.24:	  Model	  3.	  
The	   next	   design	   is	   the	   first	   one	   that	   uses	   one	   of	   the	   ideas	   from	   the	   results	   of	   the	   topology	  
optimization	   analysis.	   Some	  material	   from	   the	   base	   has	   been	   removed	   (Figure	   3.25).	   See	   that	   the	  
values	  of	  tension	  and	  deformation	  do	  not	  change	  in	  comparison	  with	  the	  previous	  one.	  In	  addition,	  
the	  placement	  of	  these	  values	  is	  in	  the	  same	  zones.	  However,	  it	  is	  interesting	  to	  note	  that	  the	  mass	  is	  
quite	   different.	   This	   is	   because	   in	   this	   step	   it	   is	   only	   removed	   useless	   material,	   as	   topology	  
optimization	  indicated.	  The	  results	  prove	  that	  material	  in	  the	  base	  is	  really	  not	  necessary.	  The	  same	  
confirmation	  can	  be	  done	  with	  the	  displacement	  of	  the	  shaft.	   It	   is	  0.009mm,	  exactly	  the	  same	  that	  
the	  last	  model.	  See	  these	  results	  in	  Table	  3.7.	  
	  
	  
	  
	  
	  
Table	  3.7:	  Results	  of	  the	  fourth	  design.	  
	  
	  
Figure	  3.25:	  Model	  4.	  
	  
Results	   3rd	  Motor	  support	  
Volume	  [m3	  ]	   2.72E-­‐04	  
Mass	  [kg]	   0.734	  
σmax	  [MPa]	   21	  
Disp.	  max	  [mm]	   0.011	  
Results	   4th	  Motor	  support	  
Volume	  [m3	  ]	   2.29E-­‐04	  
Mass	  [kg]	   0.621	  
σmax	  [MPa]	   20.71	  
Disp.	  max	  [mm]	   0.011	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Finally,	  the	  last	  design	  is	  done	  by	  following	  the	  results	  of	  the	  topology	  optimization	  analysis	  (Figure	  
3.26).	   This	  model	  proves	   the	   reliability	  of	   topology	  optimization.	  See	   in	   the	   results	   that	   this	  model	  
has	  nearly	  the	  same	  mass	  than	  the	  first	  design	  and	  the	  tension	  is	  similar	  to	  the	  second	  one.	  Thus,	  this	  
model	  is	  a	  mix	  of	  the	  others	  but	  with	  the	  best	  of	  each.	  Moreover,	  in	  this	  model,	  the	  displacement	  of	  
the	  shaft	  is	  0.005mm.	  See	  these	  results	  in	  Table	  3.8.	  
Note	  that	  all	  of	   these	  models	  have	  been	  done	  using	  a	  geometry	  that	  requires	  a	  piece	  to	  adapt	  the	  
support	  to	  the	  motor	  and	  only	  the	  last	  one	  is	  done	  fixing	  this	  issue.	  In	  addition,	  all	  of	  these	  models	  
are	   done	  with	   four	   holes	   in	   the	   base	   instead	   of	   a	   big	   slot;	   this	   is	   done	   so	   as	   to	   could	   fix	   them	   in	  
SAMCEF.	  
	  
Figure	  3.26:	  Model	  5	  and	  Model	  6	  (from	  left	  to	  right).	  
Table	  3.8:	  Results	  of	  the	  fifth	  and	  the	  sixth	  design.	  
In	  the	  next	  page,	  Figure	  3.27	  contains	  three	  graphics	  that	  summarize	  all	  the	  information	  mentioned	  
above.	  
Results	   5th	  Motor	  support	  
Volume	  [m3	  ]	   2.16E-­‐04	  
Mass	  [kg]	   0.584	  
σmax	  [MPa]	   12.597	  
Disp.	  max	  [mm]	   6.60E-­‐03	  
Results	   6th	  Motor	  support	  
Volume	  [m3	  ]	   2.18E-­‐04	  
Mass	  [kg]	   0.588	  
σmax	  [MPa]	   10.154	  
Disp.	  max	  [mm]	   1.12E-­‐02	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Figure	  3.27:	  Graphics	  of	  the	  Mass,	  the	  Maximum	  tension	  and	  the	  Maximum	  displacements.	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Table	  3.9	  contains	  all	  the	  data	  of	  the	  graphics.	  
Table	  3.9:	  Resume	  of	  the	  results.	  
See	  in	  the	  information	  that	  model	  6	  has	  nearly	  the	  same	  mass	  than	  model	  1,	  the	  lightest.	  And	  despite	  
this,	   is	   has	   the	   same	  maximum	   tension	   and	   nearly	   the	   same	  maximum	   displacement	   as	  model	   2,	  
which	  is	  the	  heaviest	  one.	  	  
These	  results	  prove	  that	  topology	  optimization	  works	  and	  that	  the	  best	  option	  is	  to	  put	  just	  material	  
in	  the	  proper	  place.	  	  
Note	  that	  model	  6	  has	  a	  maximum	  tension	  of	  10,154	  MPa	   in	  the	  fixation	  points	  and	  the	  maximum	  
displacement	  is	  0.0112mm	  (the	  displacement	  of	  the	  shaft	  is	  0.005mm).	  As	  stated	  at	  the	  beginning	  of	  
this	  chapter,	  the	  objective	  is	  mainly	  to	  optimise	  the	  weight	  rather	  than	  improve	  performance.	  These	  
values	  give	  a	  high	   scope	   for	  action	   so	  as	   to	   try	   to	   reduce	  more	   the	  weight	  and	  with	   it,	   reduce	   the	  
price	  of	  the	  component.	  	  
The	  design	  process	  continues	  further	  and	  the	  last	  model	  is	  used	  as	  starting	  point.	  Another	  topology	  
optimization	  analysis	  has	  been	  done	  in	  order	  to	  optimize	  more	  the	  design.	  However,	  in	  this	  analysis,	  
the	  geometry	  of	   the	  model	  6	   is	  used	  as	   raw	  material.	   Thus,	   the	   result	  will	   give	   the	  opportunity	   to	  
check	  if	  this	  design	  can	  be	  more	  optimized	  or	  not.	  
So,	  to	  proceed	  with	  this	  analysis,	  the	  file	  to	  study	  model	  6	  is	  used	  and	  the	  domain	  has	  been	  changed	  
from	  “structural”	  to	  “topology	  optimisation”.	  Before	   launching	  the	  calculation,	  this	  time,	  the	  target	  
volume	  is	  set	  at	  0.6	  and	  the	  Post	  percentage	  density	  purge	  has	  been	  defined	  again	  at	  20%.	  Changing	  
the	  target	  volume	  value	  ensures	  better	  results	  because	  the	  volume	  of	  the	  raw	  material	  is	  small	  and	  in	  
this	  type	  of	  analysis,	  with	  small	  volumes	  it	  is	  better	  to	  ask	  for	  higher	  target	  volumes.	  
	  
	  
	  
	  
	  
	  
	  
	  
Model:	   Actual	   1	   2	   3	   4	   5	   6	  
Volume	  [m3	  ]	   3.00E-­‐04	   2.14E-­‐04	   2.91E-­‐04	   2.72E-­‐04	   2.29E-­‐04	   2.16E-­‐04	   2.18E-­‐04	  
Mass	  [kg]	   0.820	   0.579	   0.786	   0.734	   0.621	   0.584	   0.588	  
σmax	  [MPa]	   41.195	   39.029	   9.98	   21	   20.71	   12.597	   10.154	  
Disp.	  max	  [mm]	   0.160	   0.153	   6.70E-­‐03	   0.011	   0.011	   6.60E-­‐03	   1.12E-­‐02	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The	   results	   showed	   in	   Figure	   3.28	   and	   Figure	   3.29	   allow	   doing	   another	   little	   weight	   reduction	  
removing	  some	  material	  from	  the	  lateral	  arches	  and	  from	  the	  base.	  
	  
Figure	  3.28:	  Results	  of	  the	  second	  topology	  optimization	  analysis.	  
	  
Figure	  3.29:	  .vmrl	  file	  of	  the	  second	  topology	  optimization	  analysis.	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With	   this	   results,	   another	   Catia	   model	   (Figure	   3.30)	   can	   be	   done	   and	   import	   it	   as	   an	   .igs	   file	   to	  
SAMCEF	  to	  analyse	  it	  (Figure	  3.31).	  See	  that	  in	  this	  design,	  the	  lateral	  arches	  are	  smaller	  and	  also	  a	  
little	  reduction	  has	  been	  done	  in	  the	  base,	  dividing	  the	  large	  slot	  into	  four	  small	  ones.	  
	  
Figure	  3.30:	  Model	  7.	  
	  
Figure	  3.31:	  Results	  of	  model	  7	  analysis.	  
	  
	  
	  
	  
Table	  3.10:	  Results	  of	  the	  seventh	  design.	  
See	   in	   the	   results	   (Table	   3.10)	   that	   the	  maximum	   tension	   is	   11.13MPa.	   This	   value	   is	   placed	   in	   the	  
fixation	  hole.	   In	   addition,	   the	  maximum	  displacement	   is	   0.0118mm	   (the	  displacement	  of	   the	   shaft	  
remains	  at	  0.005mm).	  These	  results	  are	  really	  similar	  to	  the	  ones	  obtained	  with	  the	  model	  6,	  but	  now	  
the	  total	  weight	   is	  0.504kg.	  Note	  that	  there	   is	  still	  a	  big	  scope	  for	  action	  so	  as	  to	  try	  to	  reduce	  the	  
weight	   and	   not	   to	   compromise	   the	   integrity	   of	   the	   component.	   So	   in	   order	   to	   further	   reduce	   the	  
weight,	  in	  model	  8	  the	  thickness	  of	  the	  two	  plates	  (the	  vertical	  and	  the	  horizontal)	  is	  reduced.	  Until	  
now,	  the	  thickness	  of	  the	  plates	  has	  always	  been	  8mm	  but	  for	  the	  next	  model	  it	  is	  reduced	  to	  5mm.	  	  
Results	   7th	  Motor	  support	  
Volume	  [m3	  ]	   1.868E-­‐4	  
Mass	  [kg]	   0.504	  
σmax	  [MPa]	   11.13	  
Disp.	  max	  [mm]	   1.18E-­‐02	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Figure	  3.32:	  Equivalent	  stress.	  
	  
Figure	  3.33:	  Nodal	  displacements.	  
	  
	  
	  
	  
Table	  3.11:	  Results	  of	  the	  model	  8	  design.	  
Results	   8th	  Motor	  support	  
Volume	  [m3	  ]	   1.454E-­‐4	  
Mass	  [kg]	   0.393	  
σmax	  [MPa]	   20.983	  
Disp.	  max	  [mm]	   0.028	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See	   the	   Appendix	   4	   to	   view	   the	   analysis	   done	   in	   SAMCEF	   for	   the	   model	   8	   as	   a	   way	   to	   have	   an	  
example	  of	  how	  all	  the	  previous	  models	  have	  been	  calculated.	  
With	   these	  modifications,	   the	   support	   has	   a	   total	   weight	   of	   only	   0.393kg.	   The	  maximum	   stress	   is	  
20.98MPa,	  really	  under	  the	  elastic	  limit	  and	  it	   is	  again	  located	  in	  the	  fixation	  points,.	  The	  maximum	  
deformation	  is	  0.028mm	  and	  in	  this	  model,	  the	  displacement	  of	  the	  output	  shaft	  is	  0.011mm.	  These	  
results	   are	   not	   as	   low	   as	   the	   ones	   from	   the	  model	   7,	   but	   these	   values	   are	   not	   compromising	   the	  
usability	  of	  this	  component.	  This	  design	  can	  stand	  the	  load	  case	  without	  being	  in	  danger	  of	  breaking	  
and	  without	  having	  enough	  deformation	  so	  that	  the	  chain	  comes	  off	  the	  gear.	  In	  addition,	  the	  mass	  is	  
less	  than	  the	  half	  than	  the	  actual	  one.	  See	  Figure	  3.32,	  Figure	  3.33	  and	  Table	  3.11.	  
Once	   the	   support	   is	   finally	   designed,	   the	   general	   weight	   reduction	   can	   be	   calculated.	   Note	   that	  
nowadays	   there	   are	   two	   different	   supports	   in	   the	   car,	   the	   left	   one	   (0.82kg)	   and	   the	   right	   one	  
(1.35kg).	  The	  proposed	  solution	  is	  to	  change	  both	  supports	  with	  two	  new	  ones	  (0.39kg	  each).	  So	  the	  
actual	  weight	  of	  both	  supports	  is	  2.17kg	  whereas	  in	  the	  proposed	  solution	  the	  total	  weight	  of	  0.79kg.	  
That	  means	  that	  changing	  the	  supports	  will	   introduce	  a	  weight	  reduction	  of	  1.39	  kilogram.	  See	  the	  
values	  of	  both	  configurations	  and	  the	  weight	  reduction	  in	  Table	  3.12.	  
	  	   [Kg]	  
Actual	  left	  support	   0.82	  
Actual	  right	  support	   1.35	  
New	  support	   0.39	  
	   	  
Total	  actual	   2.17	  
Total	  new	   0.79	  
	   	  
Weight	  reduction:	   1.39	  
Table	  3.12:	  Weight	  reduction	  calculation.	  
Note	  that	  a	  weight	  saving	  of	  1.39	  kilogram	  does	  not	  seem	  so	  much,	  but	  it	  must	  be	  taken	  into	  account	  
that	  the	  car	  has	  a	  total	  weight	  of	  115kg.	  So	  the	  results	  are	  quite	   interesting	  because	  this	   is	  a	  good	  
way	  to	  increase	  the	  strength	  and	  reduce	  the	  weight.	  However,	  this	  solution	  requires	  a	  modification	  in	  
the	  supporting	  plate,	  so	  this	  weight	  reduction	  is	  not	  definitive.	  	  
The	  next	  step	  is	  to	  design	  the	  new	  supporting	  plate	  taking	  into	  account	  the	  necessary	  modifications	  
that	  are	  necessary	  to	  fix	  the	  new	  motor	  support.	  
In	  Figure	  3.34	  and	  Figure	  3.35	  one	  can	  see	  the	  final	  render	  of	  the	  last	  version	  of	  the	  motor	  support	  
(model	  8)	  with	  the	  motor	  attached	  in	  the	  corresponding	  place.	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Figure	  3.34:	  Geometry	  of	  the	  final	  support.	  
	  
Figure	  3.35:	  Assembly	  of	  the	  final	  support	  and	  the	  motor.	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4.1	  Introduction	  
The	  following	  chapter	   focuses	  on	  the	  supporting	  plate.	  The	  actual	  situation	  of	   the	  supporting	  plate	  
and	  then	  the	  process	  to	  design	  a	  new	  one	  are	  described	  in	  this	  chapter.	  All	  the	  steps	  necessaries	  to	  
introduce	  a	  model	  in	  SAMCEF	  are	  also	  described,	  as	  well	  as	  the	  analysis	  of	  the	  results.	  
In	  the	  first	  subsection,	  the	  actual	  situation	  of	  the	  supporting	  plate	  is	  defined	  in	  a	  SAMCEF	  model	  to	  
study	   the	   actual	   operation.	   This	   is	   necessary	   in	   order	   to	   obtain	   reference	   values	   which	   will	   be	  
compared	  to	  future	  models.	  	  
The	  second	  subsection	   is	  dedicated	   to	   the	   topology	  optimization	  analysis	  and	   the	   interpretation	  of	  
the	  results.	  	  
The	  last	  subsection	  contains	  the	  design	  of	  the	  new	  supporting	  plate	  as	  well	  as	  the	  analysis	  of	  the	  new	  
design.	  
4.2	  Actual	  supporting	  Plate:	  
4.2.1	  Geometry	  
To	  study	  the	  supporting	  plate,	   two	  geometries	  have	  been	  used:	   the	  geometry	  of	   the	  plate	  and	  the	  
geometry	  of	  the	  motor	  support.	  The	  motors	  supports	  were	  necessary	  to	  introduce	  the	  loads	  applied	  
on	  the	  plate.	  The	  plate	  geometry	  has	  been	  defined	  in	  SAMCEF	  field	  using	  the	  sketch	  tool	  and	  it	  has	  
been	  modelled	  like	  a	  surface.	  This	  hypothesis	  can	  be	  done	  because	  the	  plate	  is	  really	  thin	  (3mm)	  and	  
if	  it	  is	  studied	  as	  a	  solid	  volume,	  the	  software	  cannot	  calculate	  well	  the	  displacements.	  This	  problem	  
occurs	  because	  the	  mesh	  must	  have	  various	  elements	  on	  the	  whole	  thickness	  so	  as	  to	  transmit	  the	  
loads	  and	  displacements	  correctly.	  	  
The	  following	  figures	  show	  the	  plate	  geometry	  in	  Catia	  (Figure	  4.1)	  and	  the	  version	  used	  in	  SAMCEF	  
to	  study	  the	  supporting	  plate	  (Figure	  4.2).	  
	  
Figure	  4.1:	  Supporting	  plate	  geometry	  modelled	  with	  CATIA.	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Figure	  4.2:	  Supporting	  plate	  geometry	  in	  SAMCEF.	  
The	   plate	   has	   been	   modelled	   without	   the	   reinforcement	   elements	   that	   have	   been	   added.	   These	  
reinforcements	  were	  a	   solution	   to	   the	  bending	  problem.	  However,	  as	   it	   is	  now	  an	  objective	  of	   the	  
work,	  they	  are	  not	  needed	  anymore.	  The	  analysis	  is	  done	  to	  try	  to	  simulate	  the	  original	  situation	  and	  
detect	  the	  original	  problem.	  
4.2.2	  Behaviour	  and	  material	  
This	  part	  is	  really	  similar	  to	  chapter	  3.2.2	  referring	  to	  the	  motor	  support.	  Actually,	  the	  behaviour	  and	  
material	  for	  the	  support	  and	  the	  auxiliary	  geometry	  is	  exactly	  the	  same	  as	  the	  one	  used	  for	  its	  study.	  
However,	   in	   this	   case,	   a	   shell	   behaviour	   has	   been	   defined	   for	   the	   plate.	   The	   thickness	   has	   been	  
defined	  as	  3mm	  and	  the	  material	  proprieties	  are	  the	  ones	  from	  aluminum	  (Table	  4.1).The	  aluminium	  
proprieties	  are	  extracted	  from	  See	  Ref	  [16]	  and	  Ref.	  [26-­‐28].	  
	   Aluminum	  
Young	  Modulus	   70000	  MPa	  
Poison	  ratio	   0.346	  
Mass	  density	   2710	  Kg/m3	  
Table	  4.1:	  Material	  data	  for	  Aluminum.	  
4.2.3	  Loads	  and	  Constraints	  	  
Loads	   and	   constraints	  must	   be	   applied	   after	   the	   analysis	   type	   is	   selected	   (Structural	   Analysis)	   and	  
after	  the	  basic	  parameters	  like	  behaviours	  and	  materials	  have	  been	  set.	  	  
Loads	  
Applying	  the	  loads	  in	  this	  analysis	  is	  quite	  simple	  because	  the	  plate	  geometry	  has	  been	  added	  to	  the	  
file	  used	  to	  study	  the	  support	  of	  the	  motor.	  Thus,	  the	  loads	  are	  already	  applied	  at	  the	  support.	  It	  is	  
only	   necessary	   to	   duplicate	   the	   support	   and	   the	   auxiliary	   geometry	   and	   change	   the	   fixations.	   See	  
Figure	  4.3	  to	  view	  the	  loads	  applied	  on	  the	  SAMCEF	  model.	  
To	  duplicate	  the	  support	  and	  the	  auxiliary	  geometry,	  the	  SAMCEF	  tool	  “mirror”	  has	  been	  used.	  This	  
tool	   is	   inside	   the	  “parametric	  move”	  options.	  This	  operation	  makes	  a	  mirror	   image	  of	   the	   selected	  
object	  on	  the	  opposite	  side	  of	  a	  selected	  plane.	  In	  the	  model,	  the	  plane	  is	  defined	  by	  the	  middle	  of	  
the	  plate	  (this	  can	  be	  done	  thanks	  to	  its	  symmetry).	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Constraints	  
In	   the	  model,	   constraints	   are	  modified	   in	  order	   to	   fix	   the	  plate	   in	   the	   space	  and	  not	   for	   fixing	   the	  
support	  as	  it	  was	  done	  before.	  In	  this	  study,	  the	  motor	  support	  will	  be	  assembled	  to	  the	  plate.	  The	  
constraints	  defined	  on	   the	  plate	   are	   a	   clamping	   in	   the	   two	  vertical	   surfaces	   (where	   the	  bolts	   fix	   it	  
with	  the	  structure	  of	  the	  car).	  See	  the	  fixation	  in	  Figure	  4.3.	  
	  
Figure	  4.3:	  Loads	  and	  kinematic	  constraints.	  
It	  is	  also	  really	  important	  to	  assembly	  the	  support	  and	  the	  plate	  in	  order	  to	  transmit	  the	  loads	  to	  the	  
supporting	  plate.	  To	  do	  so,	  once	  the	  plate	  is	  correctly	  placed	  under	  the	  support,	  a	  footprint	  is	  done	  in	  
the	  plate.	  Thus,	   the	   surface	  of	   the	  base	  of	   the	   support	   is	  projected	   in	   the	  upper	   face	  of	   the	  plate.	  
Afterwards,	  a	  glue	  assembly	  has	  been	  defined	  in-­‐between	  the	  base	  of	  the	  support	  and	  the	  footprint	  
(see	  Figure	  4.4).	  Appendix	  2	  contains	  a	  brief	  description	  of	  the	  glue	  assembly.	  
	  
Figure	  4.4:	  Glue	  assembly.	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4.2.4	  Mesh	  
In	  this	  model	  different	  meshes	  are	  used.	  The	  first	  two	  are	  the	  same	  than	  in	  the	  motor	  support	  study,	  
the	  mesh	   that	  belongs	   to	   the	   shaft-­‐cylinder	  and	   to	   the	  motor-­‐cylinder.	  These	  meshes	  are	  a	   simple	  
representation	  of	  these	  bodies	  so	  as	  to	  could	  transmit	  the	  loads	  and	  constraints	  applied	  on	  them.	  	  
The	  next	  mesh	  is	  the	  one	  used	  to	  represent	  the	  support.	   In	  this	  study	  the	  mesh	  of	  the	  support	  has	  
not	  been	  defined	  as	  thin	  as	  it	  was	  before,	  but	  enough	  to	  properly	  transmit	  the	  loads.	  The	  last	  mesh	  is	  
the	  supporting	  plate	  mesh.	   In	  this	  study	  this	  mesh	   is	  the	  most	   important	  and	   it	  has	  been	  modelled	  
with	  special	  care.	  See	  the	  Figure	  4.5	  to	  see	  these	  meshes.	  
	  
Figure	  4.5:	  Mesh	  of	  the	  plate	  and	  the	  support.	  
	  
4.2.5	  Analysis	  
To	  study	  the	  supporting	  plate,	   two	  results	  have	  been	  used	  among	  all	   the	   information	  that	  SAMCEF	  
provides.	   The	   Equivalent	   stress	   to	   see	   the	   Von	   Mises	   stress	   distribution	   and	   to	   detect	   the	   most	  
stressed	  points	  and	  the	  parts	  that	  suffer	  fewer	  tensions.	  And	  the	  Nodal	  displacement	  to	  see	  how	  and	  
how	  much	  the	  plate	  bends.	  The	  results	  are	  provided	  in	  Figure	  4.6	  and	  Figure	  4.7.	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Figure	  4.6:	  Equivalent	  stress.	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Figure	  4.7:	  Nodal	  displacements.	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The	  maximum	  values	  and	  useful	  information	  is	  resumed	  in	  Table	  4.2.	  
	  
	  
	  
	  
Table	  4.2:	  Results	  of	  the	  analysis.	  
Note	   that	   in	   this	   situation	   the	   maximum	   tension	   is	   not	   critical	   for	   the	   component,	   but	   the	  
displacement	   is	  nearly	  of	  2mm.	  If	  this	  value	   is	  reached	  and	  the	  chain	  moves,	  the	  dynamic	  situation	  
can	   lead	   to	  a	  point	  where	   the	  chain	  comes	  off	   the	  gear.	  That	   is	  actually	  what	  happened	  and	  what	  
must	  be	  solved.	  	  
With	  these	  results	  it	  can	  be	  seen	  that	  the	  supporting	  plate	  is	  not	  in	  danger	  of	  breaking.	  However,	  the	  
elastic	  deformation	   that	   it	   reaches	   is	  dangerous	   for	   the	  car.	  This	  deformation	  values	  can	  make	  the	  
chain	  come	  off	  the	  gear	  and	  as	  a	  consequence	  the	  loss	  of	  all	  the	  traction	  power.	  	  
So	  the	  supporting	  plate	  must	  be	  redesigned	  to	  ensure	  a	  stiffness	  that	  can	  withstand	  the	  demanded	  
load	  case.	  Also,	  if	  it	  is	  possible,	  the	  weight	  will	  be	  intended	  to	  be	  reduced,	  although	  it	  is	  not	  the	  main	  
objective	  
	  
	  
	   	  
Results	   Supporting	  plate	  
Volume	  [m3	  ]	   6.332E-­‐04	  
Mass	  [kg]	   1.71	  
σmax	  [MPa]	   22.67	  
Disp.	  max	  [mm]	   1.74	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4.3	  Topology	  Optimization	  
This	  part	  of	  the	  work	  contains	  all	  the	  description	  of	  the	  topology	  optimization	  analysis.	  First	  it	  will	  be	  
explained	  all	  the	  procedure	  to	  create	  the	  SAMCEF	  model	  and	  then	  the	  results	  will	  be	  analysed.	  
However,	  before	   starting	   the	  process,	   some	  design	   restriction	  must	  be	  defined.	   In	  Figure	  3.13	   and	  
Figure	  3.14	  it	  can	  be	  seen	  the	  actual	  configuration	  of	  the	  plate	  and	  its	  envelope.	  
	  
4.3.1.	  Design	  restrictions	  	  
This	  subsection	  focuses	  on	  the	  restrictions	  that	  must	  be	  taken	  into	  account	  when	  designing	  the	  new	  
plate.	   These	   restrictions	   are	   imposed	   by	   the	   contour	   and	   must	   be	   respected.	   Some	   of	   them	   are	  
similar	  to	  the	  motor	  restrictions	  (Chapter	  3.3.1).	  
Maximum	  height:	  The	  normative	  of	  the	  Shell	  Eco-­‐Marathon	  force	  to	  have	  baggage	  inside	  the	  car.	  In	  
the	   Umicore	   Electra	   this	   space	   is	   over	   the	   motors.	   So	   the	   geometry	   of	   the	   plate	   must	   be	   done	  
according	  to	  this	  restriction.	  The	  supporting	  plate	  with	  the	  support	  must	  not	  occupy	  the	  space	  for	  the	  
baggage.	  
The	  space:	  All	   the	  electronics	  of	   the	  car	   is	  placed	   in	   the	  rear	  part,	   so	   there	  are	  many	  components,	  
wires,	   etc.	   All	   of	   these	   components	   share	   the	   space	   and	   there	   is	   not	  much	   free.	   So,	   the	   available	  
space	  must	  be	  check.	  	  
One	   of	   these	   components	   is	   a	   plastic	   box	   where	   the	   major	   part	   of	   the	   electronics	   is	   placed.	  
Nowadays	   this	   box	   is	   placed	   over	   the	   supporting	   plate.	   The	   size	   of	   the	   box	   is	   approximately	  
210x170x100mm.	  The	  new	  plate	  must	  have	  space	  for	  the	  supports	  and	  also	  for	  this	  box.	  
Mobility:	  The	  support	  has	  big	  slots	  that	  allow	  it	   to	  move	   in	  one	  direction,	  but	  the	  supporting	  plate	  
must	  also	  have	  slots.	  The	  slots	  in	  the	  plate	  must	  be	  done	  perpendicular	  to	  the	  ones	  in	  the	  support.	  
With	  these	  holes	  the	  support	  will	  be	  able	  to	  be	  moved	  in	  two	  axes.	  	  
Symmetry:	  The	  loads	  that	  a	  car	  has	  to	  withstand	  are	  not	  symmetric,	  but	  it	  is	  impossible	  to	  predict	  in	  
which	   side	   of	   the	   car	   they	   will	   be	   bigger.	   So,	   one	   of	   the	   criteria	   designs	   is	   to	   make	   the	   plate	  
symmetric.	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4.3.2	  Definition	  
The	  idea	  to	  create	  this	  model	  is	  the	  same	  than	  for	  the	  support	  analysis.	  A	  volume	  will	  be	  defined	  as	  
row	  material	  and	  it	  will	  be	  optimized.	  Also,	  some	  other	  geometry	  will	  be	  used	  in	  order	  to	  apply	  the	  
loads.	  
As	   stated,	   the	   design	   has	   to	   be	   symmetric.	   Only	   the	   half	   of	   the	   structure	   will	   be	   modelled	   and	  
analysed.	  To	  do	  so,	  it	  is	  jut	  necessary	  to	  define	  a	  symmetry	  condition	  as	  a	  constraint.	  This	  hypothesis	  
offers	   the	   possibility	   to	   use	   a	   thinner	   mesh	   and	   to	   have	   more	   accurate	   results.	   Otherwise,	   the	  
number	  of	  nodes	  would	  be	  too	  high.	  
In	  the	  first	  model,	  the	  raw	  material	   is	  defined	  as	  a	  big	  box	  (370x620x60mm).	  This	  box	   is	  cut	   in	  one	  
corner	  so	  as	  to	  fit	   in	  the	  available	  space	   inside	  the	  car.	  The	  support	   is	  placed	  over	   it	   in	  the	  desired	  
position	  and	  fixed	  to	  the	  raw	  material.	  See	  Figure	  4.8.	  
	  
Figure	  4.8:	  Geometry	  of	  the	  first	  model.	  
However,	  in	  this	  case	  the	  result	  is	  a	  solid	  volume	  and	  the	  solution	  is	  only	  connected	  to	  one	  of	  the	  two	  
fixed	   surfaces.	   In	   resume,	   the	   results	   are	   not	   desired.	   So,	   another	   model	   is	   done	   changing	   the	  
geometry	  of	  the	  raw	  material.	  
The	  thickness	  of	  raw	  material	  is	  reduced	  (370x620x30mm).	  And	  all	  the	  study	  repeated.	  See	  Figure	  4.9	  
to	  view	  the	  new	  geometry.	  
	  
Figure	  4.9:	  Geometry	  of	  the	  used	  model.	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Once	   the	   geometry	   is	   defined,	   it	   is	   necessary	   to	   define	   the	   behaviour	   and	   the	   material.	   For	   the	  
support	   and	   the	   auxiliary	   geometry,	   these	   definitions	   have	   been	   done	   like	   in	   chapter	   3.2.2.	   These	  
three	   components	   have	   also	   been	   defined	   as	   non	   optimizable	   parts.	   The	   raw	   material	   has	   been	  
defined	  as	  a	  flexible	  volume	  made	  of	  aluminum.	  
The	  loads	  are	  exactly	  defined	  like	  in	  chapter	  3.2.3.	  Three	  loads	  are	  applied	  on	  the	  auxiliary	  geometry	  
fixed	  to	  the	  support.	  There	  is	  only	  one	  difference:	  the	  tension	  of	  the	  chain	  is	  incremented	  by	  a	  safety	  
factor	  of	  1.3.	  This	  is	  done	  following	  the	  same	  reasoning	  than	  in	  chapter	  3.3.2.	  See	  Ref.	  [15].	  Then	  the	  
support	   is	   fixed	   to	   the	   raw	  material	   box	   using	   the	   same	  method	   than	   in	   the	   study	   of	   the	   current	  
plate.	  	  
Finally,	  the	  mesh	  must	  be	  done.	  The	  mesh	  for	  the	  support	  and	  the	  auxiliary	  geometry	  is	  the	  one	  used	  
for	   its	   analysis	   (Appendix	   4).	   The	   mesh	   for	   the	   raw	   material	   has	   been	   done	   as	   thin	   as	   possible,	  
respecting	   a	   computable	   number	   of	   nodes.	   Here	   is	   where	   analysing	   only	   the	   half	   of	   the	   model	  
becomes	   an	   advantage.	   In	   addition,	   the	   mesh	   has	   been	   done	   with	   a	   regular	   distribution	   of	   the	  
elements.	   As	   stated,	   irregular	  meshes	   give	   poor	   results	   in	   topology	   optimization.	   See	   the	  mesh	   in	  
Figure	  4.10.	  
	  
Figure	  4.10:	  Mesh	  of	  the	  model.	  
The	   last	   important	   thing	   is	   to	   define	   the	   solver	   parameters	   to	   do	   the	   analysis.	   The	   number	   of	  
iterations	  is	  set	  to	  40,	  the	  target	  volume	  is	  0.3	  and	  the	  post	  percentage	  density	  purge	  is	  20%.	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4.3.3	  Results	  
After	   40	   iterations,	   the	   results	   are	   displayed	   as	   a	  mass	   density	   distribution.	   Topology	  optimization	  
has	   assigned	   to	   each	   element	   a	   density	   value	   between	   0	   and	   1.	   These	   results	   are	   represented	   in	  
Figure	  4.11.	  
The	  results	  show	  that	  material	  is	  only	  necessary	  in	  the	  side	  where	  the	  support	  is	  located.	  The	  other	  
side	   is	  completely	  empty	  of	  material.	  This	  could	  be	  a	  good	  way	  to	   introduce	  a	  weight	  reduction.	   In	  
addition,	  the	  material	   is	  placed	   in	  the	  above	  surface	  and	   in	  the	  bottom	  surface.	  The	   interior	  of	  the	  
body	   is	  nearly	  empty,	  with	  material	   in	  some	  places	  connecting	  the	  both	  surfaces.	  See	  this	  detail	   in	  
the	  cross	  section	  picture	  (Figure	  4.11)	  
Note	   that	   the	   results	   indicate	   that	   the	   supporting	   plate	  would	   be	   divided	   in	   two	   separated	   parts.	  
Each	   support	  might	  be	   fixed	   to	  each	  part	  and	  each	  part	   should	  be	  connected	   to	   the	  car	   structure.	  
This	   is	  not	  a	  desired	  configuration.	  The	  supporting	  plate	  must	  be	  also	  a	  stiffen	  element	  to	   improve	  
the	  rigidity	  of	  the	  car.	  Two	  separate	  plates	  will	  not	  achieve	  this	  purpose;	  therefore	  the	  two	  plates	  will	  
be	  connected	  in	  the	  new	  design.	  
	  
	  
	  
	  
	  
Figure	  4.11:	  Topology	  optimization	  results.	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The	   .vrml	   file	   is	   also	   generated.	   On	   Figure	   4.12	   it	   can	   be	   seen	   the	   “two	   panels	   structure”	   that	   is	  
mentioned	  in	  the	  previous	  page.	  
	  
Figure	  4.12:	  Topology	  optimization	  results	  (.vrml	  file).	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4.4	  Design	  of	  the	  new	  supporting	  plate	  
This	  part	  of	  the	  work	  describes	  all	  the	  tasks	  done	  during	  the	  design	  of	  the	  new	  supporting	  plate.	  
As	  seen	  in	  the	  study	  of	  the	  actual	  plate,	  it	  is	  bending	  enough	  to	  cause	  a	  problem.	  For	  this	  reason	  the	  
plate	  has	  some	  “extra”	  elements	  to	  make	  it	  more	  resistant.	  Unfortunately	  these	  elements	  are	  extra	  
weight	  and	  they	  are	  also	  disturbing	  the	  aerodynamics	  of	  the	  car.	  This	  is	  why	  a	  new	  solution	  must	  be	  
found.	  
The	  design	  of	  the	  new	  supporting	  plate	  will	  be	  done	  with	  the	  same	  two	  main	  steps	  that	  the	  support.	  
First,	  a	  topology	  optimization	  analysis	  is	  done	  in	  order	  to	  have	  an	  idea	  of	  how	  the	  geometry	  would	  be	  
and	  then,	  the	  new	  plate	  is	  designed	  according	  the	  results.	  Finally	  the	  new	  design	  is	  studied	  to	  check	  
its	  validity.	  
4.4.1	  Design	  process	  
This	   part	   of	   the	   work	   describes	   and	   illustrates	   the	   designing	   process	   done,	   from	   the	   topology	  
optimization	  to	  the	  final	  design.	  
A	  first	  version	  is	  done,	  using	  two	  aluminum	  plates	  (the	  above	  and	  the	  bottom	  one).	  These	  two	  plates	  
are	   connected	  with	   three	   shells	  placed	   in	   the	  middle	  of	   them.	  This	  model	   is	   represented	   in	  Figure	  
4.13.	  Note	  that	  as	  stated	  before,	  the	  plate	  has	  been	  designed	  as	  one	  body	  instead	  of	  two	  separated	  
plates.	  
	  
Figure	  4.13:	  First	  model	  for	  the	  new	  supporting	  plate.	  
This	   model	   has	   the	   same	   trouble	   with	   the	   mesh	   due	   to	   its	   small	   thickness.	   Therefore	   it	   is	   not	  
imported	  with	   the	  Catia	   file	   represented	   in	  Figure	  4.13.	  Another	   file	   is	   generated	   representing	   the	  
entire	  domain	  with	  surfaces.	  Afterwards,	  it	  is	  imported	  to	  SAMCEF.	  
Once	  the	  geometry	  of	  the	  plate	   is	   imported,	  the	  two	  supports	  are	  also	   introduced	  and	  fixed	  to	  the	  
plate	  with	  the	  footprint.	  The	  behaviour	  and	  material	  for	  all	  the	  elements	  is	  exactly	  the	  same	  than	  in	  
chapter	  4.2.2.	  The	  plate	  is	  defined	  as	  a	  3mm	  thickness	  aluminum	  shell.	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The	  loads	  are	  applied	  in	  the	  auxiliary	  geometry,	  fixed	  to	  the	  support.	  The	  domain	  is	  meshed	  and	  the	  
problem	  solved.	  See	  Figure	  4.14	  to	  view	  the	  geometry	  used	  in	  SAMCEF	  to	  perform	  this	  analysis.	  
	  
Figure	  4.14:	  Geometry	  used	  for	  the	  analysis.	  
Table	  4.3	  compares	  the	  results	  of	  the	  actual	  plate	  with	  the	  new	  design.	  
	  
	  
	  
	  
Table	  4.3:	  Results	  of	  the	  new	  supporting	  plate.	  
See	   in	   these	   results	   the	   decreasing	   of	   both	   the	   tensions	   and	   the	   displacements.	   This	   proves	   the	  
validity	  of	  the	  topology	  optimization	  analysis.	  Placing	  the	  material	  only	  where	  it	  is	  necessary	  ensures	  
good	  stress	  distribution.	  Note	  that	  in	  this	  case	  the	  weight	  is	  not	  reduced.	  The	  new	  supporting	  plate	  is	  
heavier	  than	  the	  actual.	  However,	  at	  present	  there	  are	  some	  elements	  introduced	  to	  stiffen	  the	  plate	  
that	  are	  not	  considered	  in	  the	  weight	  of	  the	  actual	  plate.	  Hence,	  the	  actual	  weight	  of	  the	  table	  should	  
be	  increased.	  
But	  there	  are	  two	  problems	  that	  must	  be	  solved.	  One	  of	  the	  restrictions	  described	  in	  chapter	  4.3.1	  
imposes	  that	  the	  new	  plate	  must	  have	  space	  for	  the	  supports	  and	  for	  the	  electronics	  box.	  Note	  that	  
the	  plate	  has	  a	  big	  space	  between	  the	  two	  supports.	  This	  space	  is	  bigger	  that	  the	  box,	  thus	  the	  box	  
cannot	  be	  fixed	  in	  the	  plate.	  So,	  this	  space	  must	  be	  reduced.	  In	  addition,	  one	  of	  the	  objectives	  of	  the	  
new	  plate	  is	  to	  stiffen	  the	  car	  structure.	  The	  plate	  is	  just	  designed	  so	  as	  to	  withstand	  the	  loads	  of	  the	  
motor	  and	  the	  chain	  but	  it	  is	  not	  designed	  to	  stiffen	  the	  car.	  	  
On	   account	   of	   this,	   another	   load	   is	   applied	   in	   the	   topology	   optimization	   model.	   The	   results	   will	  
indicate	   where	   to	   introduce	   the	   material.	   The	   results	   will	   be	   used	   to	   solve	   the	   two	   problems	  
mentioned	   in	   the	   paragraph	   above.	   This	   load	   has	   the	   same	   value	   than	   the	   chain	   tension	   and	   a	  
direction	  almost	  perpendicular	  to	  it.	  See	  Figure	  4.15.	  
Results	   Actual	  supporting	  plate	   New	  supporting	  plate	  
Volume	  [m3	  ]	   6.332E-­‐04	   8.557E-­‐04	  
Mass	  [kg]	   1.71	   2.31	  
σmax	  [MPa]	   22.67	   13.62	  
Disp.	  max	  [mm]	   1.74	   0.27	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Figure	  4.15:	  New	  load	  case.	  
The	  SAMCEF	  model	  is	  solved	  with	  the	  new	  load	  case	  and	  the	  result	  is	  really	  interesting.	  See	  in	  Figure	  
4.16	  that	  the	  result	  is	  really	  similar	  to	  the	  previous	  one.	  Note	  that	  there	  is	  the	  same	  idea	  of	  the	  two	  
plates	  with	  some	  material	  inside.	  However,	  the	  bottom	  plate	  has	  a	  notable	  difference.	  In	  one	  of	  the	  
fixation	   surfaces,	   it	   is	   quite	   larger	   than	   before.	   This	   is	   a	   good	   idea	   to	   solve	   the	   two	   problems	  
identified	  previously.	  
	  
Figure	  4.16:	  Topology	  optimization	  result	  with	  the	  new	  load	  case.	  
A	  new	  version	  is	  designed	  applying	  the	  results	  of	  the	  topology	  optimization	  analysis.	  Two	  small	  plates	  
have	  been	  added	  in	  the	  bottom	  plate.	  These	  will	  give	  a	  place	  to	  put	  the	  electronics	  box.	  This	  box	  has	  
been	  schematically	  represented	  in	  CATIA	  so	  as	  to	  check	  its	  location	  with	  the	  plate.	  See	  how	  it	  would	  
be	  placed	  in	  the	  new	  supporting	  plate	  in	  Figure	  4.17.	  The	  structure	  is	  also	  more	  rigid	  against	  lateral	  
forces	  with	  this	  addition.	  	  
New	  load	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Figure	  4.17:	  Final	  supporting	  plate	  design.	  
	  
Figure	  4.18:	  Final	  supporting	  plate	  design.	  
See	  in	  Figure	  4.18	  that	  some	  holes	  have	  been	  done	  in	  the	  bottom	  plate.	  These	  holes	  are	  necessaries;	  
otherwise	  the	  plate	  and	  the	  supports	  cannot	  be	  fixed.	  The	  holes	  give	  the	  user	  access	  to	  all	  the	  places	  
where	  a	  screw	  will	  be	  necessary.	  
This	  design	   is	  analysed	  with	  SAMCEF.	  The	  analysis	   is	  done	   like	   the	  one	   for	   the	   first	  design.	  See	  the	  
results	  in	  Figure	  4.19	  and	  Figure	  4.20.	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Figure	  4.19:	  Equivalent	  stress.	  
	  
Figure	  4.20:	  Nodal	  displacements.	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Table	  4.4	  resumes	  all	  the	  results	  of	  this	  chapter.	  
Table	  4.4:	  Results	  of	  the	  analysis.	  
Note	  that	  the	  values	  of	  the	  final	  design	  are	  really	  similar	  to	  the	  previous.	  This	  is	  because	  the	  material	  
is	  added	  in	  a	  place	  where	  it	  is	  not	  necessary,	  so	  the	  results	  do	  not	  change.	  However,	  this	  new	  design	  
fulfils	   all	   the	   requirements.	   See	   that	   the	   maximum	   tension	   (13.44MPa)	   is	   far	   below	   from	   the	  
maximum	  admissible	  value.	  This	  means	  that	  the	  structure	  can	  support	  the	  load	  case	  without	  danger.	  
Additionally	  the	  maximum	  deformation	  is	  also	  a	  good	  value.	  The	  maximum	  displacement	  is	  0.27mm.	  
With	  the	  new	  design	  the	  displacements	  are	  reduced	  from	  1.7mm	  to	  0.2mm.	  This	  will	  ensure	  that	  the	  
chain	  will	  not	  come	  off	  the	  gear.	  
	  
Once	   the	   final	   design	   is	   validated,	   the	   total	   weight	   reduction	   can	   be	   calculated.	   With	   the	   new	  
supporting	  plate,	  the	  elements	  that	  are	  used	  to	  stiffen	  the	  component	  are	  not	  useful	  anymore.	  It	  is	  
calculated	  that	  all	   these	  reinforcement	  elements	  have	  an	  approximate	  weight	  of	  1kg.	  So	  the	  actual	  
weight	   for	   the	   supporting	   plate	   is	   2.71kg	   (Supporting	   plate	   1.71kg	   +	   Reinforcements	   1kg).	   The	  
proposed	  solution	  has	  a	  total	  mass	  of	  2.45kg.	  This	  means	  that	  the	  weight	  will	  be	  reduced	  0.26kg	   if	  
the	  new	  solution	  is	  used.	  See	  Table	  4.5	  to	  view	  the	  calculation.	  
	   [Kg]	  
Actual	  plate	   1.71	  
Reinforcements	   1	  
New	  plate	   2.45	  
	   	  
Total	  actual	   2.71	  
Total	  new	   2.45	  
	   	  
Weight	  reduction:	   0.26	  
Table	  4.5:	  Weight	  reduction	  calculation.	  
Finally,	   the	   total	   weight	   reduction	   can	   be	   calculated.	   Using	   the	   new	   supports	   the	   weight	   will	   be	  
reduced	  1.39kg.	  On	  the	  other	  side,	  using	  the	  new	  supporting	  plate	  will	  introduce	  a	  weight	  reduction	  
of	   0.26kg.	   Thus,	   if	   the	   two	   components	   are	   changed,	   the	   total	  weight	   reduction	  would	  be	  1.65kg.	  
This	  means	  a	  reduction	  of	  nearly	  a	  1.5%	  of	  the	  car	  weight.	  	  
	  
	   	  
Results	   Actual	  supporting	  plate	   First	  plate	  design	   Final	  plate	  design	  
Volume	  [m3	  ]	   6.332E-­‐04	   8.557E-­‐04	   9.079E-­‐04	  
Mass	  [kg]	   1.71	   2.31	   2.45	  
σmax	  [MPa]	   22.67	   13.62	   13.44	  
Disp.	  max	  [mm]	   1.74	   0.27	   0.27	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5.1	  Conclusions	  	  
As	  outcome	  of	  this	  master	  thesis,	  we	  propose	  a	  solution	  to	  what	  the	  topology	  design	  reached	  all	  the	  
objectives	   highlighted.	   The	  objectives	  were	   to	   solve	   the	   bending	   flexibility	   problem,	   to	   reduce	   the	  
weight	  and	  to	  remove	  the	  stiffener	  elements	  added	  in	  the	  car.	  New	  supports	  for	  the	  electric	  motors	  
have	  been	  designed	  and	  also	  a	  new	  supporting	  plate	  for	  the	  electric	  drivetrain.	  	  
For	   the	   development	   of	   the	   support,	   eight	   different	   versions	   have	   been	   tested	   to	   reach	   the	   final	  
design.	  For	  the	  development	  of	  the	  plate,	  two	  different	  designs	  have	  been	  done.	  The	  second	  one	  was	  
designed	   to	   solve	   the	   bending	   problem	  and	   to	   add	   rigidity	   in	   the	   car.	   Therefore	   a	   new	   solution	   is	  
proposed	  with	  three	  elements	  (two	  supports	  and	  one	  plate)	  designed	  to	  fit	  each	  other	  and	  also	  to	  fit	  
the	  inside	  of	  the	  car.	  See	  Figure	  5.1	  to	  view	  an	  image	  of	  the	  whole	  assembled	  solution.	  Note	  that	  in	  
this	  figure	  there	  are	  represented	  the	  two	  supports,	  the	  supporting	  plate,	  and	  the	  electronics	  box	  (an	  
element	  that	  restricts	  the	  geometry	  of	  the	  plate).	  
This	   new	   configuration	   is	   expected	   to	   solve	   the	   bending	   flexibility	   problem	   and	   avoid	   the	   chain	  
slippage	  
In	   addition,	   the	  new	   system	   introduces	   a	  weight	   reduction	  of	  1.65kg,	  which	   is	   the	  equivalent	   to	   a	  
1.5%	   of	   the	   total	   weight	   of	   the	   car.	   Furthermore,	   the	   new	   solution	   can	   introduce	   a	   small	  
improvement	  of	  the	  aerodynamics	  (If	  the	  stiffener	  elements	  are	  removed).	  
Finally,	   if	   the	   new	   solution	   is	   used,	   the	   rear	   part	   of	   the	   car	   gains	   some	   rigidity	   due	   to	   the	  
configuration	  of	  the	  plate	  and	  the	  stiffener	  elements	  can	  be	  removed.	  
As	  a	  general	  conclusion,	  it	  can	  be	  said	  that	  the	  objectives	  of	  this	  thesis	  have	  been	  reached.	  However,	  
one	   should	   not	   count	   on	   something	   before	   it	   has	   happened.	   To	   completely	   prove	   the	   proper	  
operation	  of	  the	  solution,	  it	  would	  be	  necessary	  to	  fabricate	  and	  test	  it	  in	  the	  car.	  
In	  addition,	  one	  can	  extract	  another	  conclusion	  from	  the	  thesis,	  which	  involves	  the	  reliability	  of	  the	  
topology	  optimizations	  analyses.	  The	  work	  has	  showed	  that	  the	  models	  designed	  with	  this	  technique	  
are	  stiffer	  and	  lighter	  than	  other	  solutions.	  So,	  it	  is	  showed	  that	  topology	  optimization	  is	  a	  strong	  tool	  
that	  engineers	  can	  use	  for	  designing	  components.	  
In	  addition,	  a	  personal	  conclusion	  has	  also	  been	  extracted	  from	  the	  work.	  As	  student,	  I	  never	  heard	  
about	   topology	   optimization	   and	   its	   applications.	   However,	   the	   development	   of	   this	   thesis	   has	  
provided	   me	   a	   first	   contact	   with	   new	   designing	   techniques.	   Personally,	   I	   really	   appreciate	   this	  
knowledge	  and	  I	  hope	  it	  will	  be	  really	  useful	  for	  my	  professional	  career.	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Figure	  5.1:	  Render	  of	  the	  final	  solution.	  
5.2	  Perspectives	  
Analysing	  all	  the	  components	  with	  different	  material	  proprieties	  in	  order	  to	  analyse	  the	  possibility	  of	  
using	  other	  materials	  could	  be	  a	  way	  to	  continue	  the	  thesis.	  For	  example,	  the	  motor	  support	  could	  be	  
made	  from	  titanium	  or	  steel.	  Titanium	  is	  more	  expensive	  than	  aluminum	  but	  it	  has	  better	  mechanical	  
proprieties.	  Therefore,	  if	  titanium	  is	  used,	  the	  weight	  of	  this	  component	  could	  be	  further	  reduced.	  
Another	  perspective	  of	   the	   thesis	  could	  be	   to	  explore	   the	  use	  of	  composite	  materials.	  The	  body	  of	  
the	  car	   is	  actually	  fabricated	  with	  a	  composite	  structure	  made	  of	  aramid	  fiber	  (Nomex)	  honeycomb	  
and	   carbon	   fiber.	   The	   supporting	   plate	   has	   an	   appropriate	   geometry	   to	   think	   about	   these	  
possibilities.	   An	   investigation	   work	   has	   been	   carried	   out	   to	   study	   the	   possibility	   of	   making	   the	  
supporting	  plate	  with	  a	  honeycomb	  structure.	  
Honeycomb	   panels	   are	   a	   great	   way	   to	   stiffen	   a	   structure	   without	   increasing	   its	   weight;	   which	   is	  
perfect	  for	  the	  Shell	  Eco-­‐Marathon	  application.	  They	  can	  be	  made	  from	  a	  wide	  range	  of	  materials	  and	  
there	   are	   several	   cell	   configurations.	   Table	   5.1	   contains	   an	   estimation	   of	   how	   structures	   with	  
honeycomb	  core	  can	  improve	  structural	  proprieties	  (Ref.	  [29]).	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Table	  5.1:	  Honeycomb	  proprieties	  example.	  
For	  the	  application	  of	  the	  work,	  the	  best	  option	  would	  be	  an	  aluminum	  honeycomb	  panel	  due	  to	  its	  
advantages	  amongst	   the	  other	  materials:	  They	  are	   the	  best	  option	   for	  energy	  absorption	  and	   they	  
have	   the	   best	   strength/weight	   relation.	   In	   addition,	   they	   have	   a	   relatively	   low	   cost	   and	   they	   have	  
great	  machinability,	  which	  would	   be	   perfect	   for	   production	   of	   the	   plate.	   See	   Ref.	   [29]	   to	   visit	   the	  
webpage	  of	  the	  actual	  composite	  material	  provider.	  
However,	  honeycomb	  structures	  may	  exhibit	  anisotropic	  behaviour	  (this	  means	  they	  have	  different	  
proprieties	  along	  different	  axis).	  This	  increases	  the	  difficulty	  level	  to	  simulate	  the	  material	  in	  SAMCEF.	  
Due	  to	  time	  constraints,	  it	  was	  not	  feasible	  to	  include	  this	  study	  within	  the	  framework	  of	  this	  thesis.	  
	   	  
	   Solid	  metal	  sheet	   Sandwich	  construction	  
	   	  
	  
	  
	  
	  
Relative	  stiffness	   100	   700	  
7	  times	  more	  rigid	  
Relative	  strength	   100	   350	  
3.5	  times	  stronger	  
Relative	  weight	   100	   103	  
3%	  increase	  in	  weight	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This	  appendix	  proves	  the	  assumption	  that	  the	  tension	  of	   the	  chain	  can	  be	  applied	   in	  the	  middle	  of	  
the	  surface	  instead	  of	  exactly	  in	  the	  point	  where	  it	  should	  really	  be.	  This	  assumption	  will	  simplify	  the	  
auxiliary	  geometry	  of	  the	  model	  and	  also,	  the	  way	  to	   introduce	  the	   loads.	  Taking	   into	  account	  that	  
several	   analyses	   will	   be	   done,	   this	   demonstration	   is	   important	   so	   as	   to	   prove	   that	   time	   can	   be	  
economized	  each	  time.	  
If	  the	  force	  is	  applied	  on	  the	  surface	  (as	  in	  Figure	  3.2	  or	  Figure	  3.6)	  the	  results	  are:	  
• Max	  stress	  =	  41.195	  MPa	  
• Max	  displacement	  =	  0.16mm	  
	  
If	   the	   force	   is	   applied	   using	   the	   accurate	   design	   of	   the	   auxiliary	   geometry,	   the	   results	   are	   the	  
followings:	  
• Max	  stress	  =	  33.7	  MPa	  
• Max	  displacement	  =	  0.09mm	  
	  
Figure	  A.1.1:	  Non	  modified	  and	  modified	  geometry.	  
	  
It	  can	  be	  seen	  in	  the	  results	  that	  the	  configurations	  used	  for	  the	  analysis	  is	  more	  conservative	  than	  a	  
more	   realistic	   configuration.	   For	   this	   reason,	   the	   assumption	   can	   be	   done	   to	   proceed	   with	   the	  
calculations	  and	  make	  the	  input	  process	  easier	  each	  time.	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Figure	   A.1.2	   and	   Figure	   A.1.3	   show	   the	   extract	   of	   the	   SAMCEF	   Field	   results	   in	   the	   realistic	  
configurations.	  	  
	  
Figure	  A.1.2:	  Von	  Mises	  stress	  in	  more	  realistic	  configuration.	  
	  
Figure	  A.1.3:	  Nodal	  displacements	  in	  more	  realistic	  configuration.	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This	  appendix	  explains	  the	  difference	  between	  a	  “clamp”	  constraint	  and	  a	  “mean”	  assembly.	  It	  also	  
explains	   the	  basics	  of	  a	  “fixed”	  and	  a	  “glue”	  assembly.	  All	   the	   information	   in	   this	   section	  has	  been	  
extracted	  from	  Ref.	  [4].	  
Clamp	  constraint	  
The	   first	   option	   included	   in	   the	   SAMCEF	   model	   was	   a	   clamp	   constraint.	   A	   clamp	   constraints	   the	  
support	  in	  all	  aspects;	  all	  displacements	  and	  all	  rotations	  are	  blocked.	  See	  Figure	  A.2.1.	  
	  
Figure	  A.2.1:	  Displacements	  locked	  on	  a	  clamp	  constraint.	  
This	  constraint	  can	  be	  applied	  to	  all	   types	  of	  geometric	  entities.	  Normally	  no	  other	  parameters	  are	  
required.	   So,	   all	   the	   surface	  of	   the	  hole	  was	   selected	  and	   clamped,	   it	  means	   that	   all	   the	  elements	  
around	   this	   surface	  had	  all	  displacements	  and	   rotations	   completely	  blocked.	  But	   this	   configuration	  
was	  too	  rigid	  and	  another	  option	  was	  studied.	  
Mean	  assembly	  
The	  second	  clamping	  method	  introduced	  is	  a	  “mean”	  assembly.	  The	  mean	  element	  is	  used	  in	  order	  
to	  find	  the	  mean	  displacement	  and	  rotation	  of	  a	  group	  of	  nodes.	  It	  is	  the	  opposite	  of	  a	  rigid	  element.	  
In	  a	  rigid	  element,	  there	  is	  one	  master	  node	  and	  a	  group	  of	  slave	  nodes,	  which	  are	  rigidly	  constrained	  
to	  the	  master	  node.	  In	  the	  mean	  element,	  there	  is	  one	  slave	  node	  and	  a	  group	  of	  master	  nodes.	  The	  
slave	  node	  gives	  the	  mean	  displacement	  and	  rotation	  of	  the	  group	  of	  nodes.	  There	  are	  6	  kinematic	  
constraints,	  no	  matter	  how	  many	  master	  nodes	  there	  are	  (Figure	  A.2.2).	  
	  
Figure	  A.2.2:	  2D	  Mean	  representation.	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A	  common	  application	  of	  this	  assembly	  is	  to	  join	  a	  circular	  surface	  to	  a	  central	  vertex	  as	  illustrated	  in	  
the	  figure	  below.	  This	  is	  exactly	  what	  has	  been	  done	  in	  the	  work.	  See	  Figure	  A.2.3	  and	  Figure	  A.2.4.	  
	  
	  
Figure	  A.2.3:	  3D	  Mean	  representation.	  
To	  define	  a	  mean	  assembly	  
This	  type	  of	  assembly	  can	  be	  applied	  to	  surfaces,	  lines	  and	  vertices.	  	  
One	  point	  (vertex)	  is	  used	  as	  the	  reference	  point	  for	  the	  determination	  of	  the	  mean.	  It	  is	  important	  
that	  this	  point	  is	  selected	  first	  and	  therefore	  is	  defined	  as	  support	  1.	  This	  point	  is	  fixed	  in	  the	  space	  
using	  the	  clamp	  constraint.	  In	  addition	  to	  correctly	  define	  the	  assembly,	  the	  point	  must	  be	  defined	  in	  
the	  Modeller	  module	  as	  "not	  a	  datum	  point".	  	  
The	   group	   of	  master	   nodes	  will	   be	   placed	   on	   support	   2.	   In	   the	  model,	   this	   group	   of	   nodes	   is	   the	  
surface	  of	  the	  holes.	  	  
	  
Figure	  A.2.4:	  Mean	  representation.	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Fixed	  assembly	  
A	  fixed	  assembly	  joins	  the	  two	  parts	  rigidly	  together.	  It	  has	  been	  used	  to	  fix	  the	  auxiliary	  geometry	  to	  
the	  motor	  support.	  This	  assembly	  can	  be	  applied	  to	  points,	  lines,	  faces	  and	  even	  solids.	  
Note	  that	  in	  this	  assembly,	  even	  if	  the	  two	  supports	  are	  flexible,	  they	  will	  be	  made	  rigid.	  This	  is	  why	  it	  
is	  not	  used	  for	  assembly	  the	  support	  with	  the	  plate.	  
	  
Glue	  assembly	  
A	  glue	   assembly	   is	   used	   to	   glue	   two	   supports	   together.	   This	   assembly	   establishes	   a	   linear	   relation	  
between	  the	  nodes	  of	   two	  elements	  assembled.	  Nodes	  on	   the	  element	  defined	  as	  “support	  1”	  are	  
projected	  to	  the	  face	  named	  as	  “support	  2”	  (Figure	  A.2.5).	  	  
	  
Figure	  A.2.5:	  Glue	  assembly	  representation.	  
In	  this	  thesis,	  this	  assembly	  has	  been	  used	  to	  fix	  the	  motors	  supports	  in	  the	  supporting	  plate.	  To	  do	  
so,	  the	  support	  is	  defined	  as	  “support	  1”	  and	  the	  footprint	  on	  the	  plate	  is	  defined	  as	  “support	  2”.	  
With	  this	  option	  it	  can	  also	  be	  set	  a	  parameter	  referring	  to	  the	  tolerance	  for	  projecting	  the	  nodes.	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This	   appendix	   resumes	   the	   process	   done	   with	   topology	   optimization	   to	   achieve	   the	   final	   results	  
shown	   in	   the	  work	   (Chapter	   3.3).	   Some	   SAMVEF	  models	   have	   been	   done	   before	   the	   one	   used	   to	  
continue	  with	   the	   designing	   of	   the	   new	   support.	   Here	   there	   are	   described	   and	   represented	   all	   of	  
these	  previous	  models.	  
All	   the	  models	   have	   some	   things	   in	   common.	   The	   auxiliary	   geometry	   and	   the	   part	   defined	   as	   non	  
optimizble	   are	   always	   the	   same.	   In	   addition,	   the	   load	   case	   used	   is	   the	   same	   in	   all	   models.	   The	  
differences	  are	   in	   the	  dimensions	  of	   raw	  material	   for	  optimizing,	   in	   the	   fixation	  method	  and	   in	   the	  
solver	  parameters	  (symmetry	  condition).	  
The	   first	  model	   is	   done	  with	   a	   block	   of	   raw	  material	   (200x120x120mm).	   The	  whole	   surface	  of	   the	  
bottom	  is	  fixed	  with	  the	  clamp	  option	  and	  this	  model	  has	  no	  symmetry	  condition.	  See	  in	  Figure	  A.3.1	  
that	  the	  result	  is	  not	  symmetric	  and	  have	  more	  material	  in	  one	  side.	  
	  
	   	   Figure	  A.3.1:	  First	  topology	  optimization	  model	  
In	   the	   second	   model,	   the	   size	   of	   the	   raw	   material	   was	   modified	   so	   as	   to	   make	   it	   wider	  
(200x170x120mm)	  but	  the	  fixation	  and	  the	  symmetry	  condition	  were	  the	  same	  than	  in	  the	  first	  one.	  
Despite	  the	  size	  of	  the	  mesh	  (due	  to	  computation	  times),	  it	  can	  be	  seen	  that	  this	  model	  is	  wider	  and	  
shorter	  than	  the	  previous	  one.	  This	  idea	  of	  a	  wider	  support	  was	  discarded	  because	  it	  included	  a	  lot	  of	  
material	  and	  would	  not	  be	  acceptable	  because	  of	  the	  weight.	  See	  Figure	  A.3.2.	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Figure	  A.3.2:	  Second	  topology	  optimization	  model	  
The	  next	  model	  was	  done	  with	  the	  first	  dimensions	  of	  the	  raw	  material	  (200x120x120mm),	  but	  the	  
fixation	  was	  done	  in	  four	  holes	  in	  the	  base	  in	  order	  to	  simulate	  the	  real	  fixation	  of	  the	  support.	  In	  this	  
model	  the	  symmetry	  condition	  was	  not	  already	  applied,	  but	  the	  results	  started	  to	  be	  similar	  to	  the	  
final	  option.	  It	  can	  be	  seen	  for	  the	  first	  time	  the	  “arch”	  in	  the	  lateral	  of	  the	  support.	  See	  the	  Figure	  
A.3.3.	  
	  
Figure	  A.3.3:	  Third	  topology	  optimization	  model	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Finally,	   the	  symmetry	  condition	  was	  applied	   in	   the	  fourth	  model.	  But	   to	  do	  this,	  all	   the	   loads	  were	  
duplicated	  in	  the	  opposite	  direction.	  This	  technique	  is	  used	  to	  have	  a	  symmetric	  load	  case,	  but	  there	  
is	  another	  way	  to	  do	  it	  using	  the	  SAMCEF	  options.	  In	  this	  model	  the	  fixation	  was	  the	  same	  than	  the	  
third	  one	  (four	  fixed	  holes).	  However,	  the	  size	  of	  the	  raw	  material	  was	  reduced	  to	  120x120x120mm.	  
See	  Figure	  A.3.4.	  
	  
	   Figure	  A.3.4:	  Fourth	  topology	  optimization	  model	   	  
At	   the	   end,	   the	   symmetry	   condition	  was	   applied	   using	   the	   symmetry	   option	   of	   SAMCEF	   (Ref.	   [4])	  
rather	  than	  duplicating	  the	  loads	  and	  the	  size	  of	  raw	  material	  was	  augmented	  to	  200x120x120mm.	  
The	  result	  is	  the	  one	  shown	  in	  the	  chapter	  3.3	  and	  the	  used	  to	  create	  the	  final	  design	  for	  the	  support.	  
See	  Figure	  A.3.5.	  
	  
Figure	  A.3.5:	  Final	  topology	  optimization	  model	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This	  appendix	  explains	  the	  procedure	  done	  to	  analyse	  the	  final	  version	  for	  the	  motor	  support.	  All	  the	  
procedure	  is	  really	  similar	  to	  the	  one	  described	  in	  the	  thesis	  for	  the	  analysis	  of	  the	  actual	  support.	  
The	  first	  step	  is	  to	  define	  the	  geometry.	  The	  auxiliary	  geometry	  is	  the	  same	  than	  the	  used	  along	  the	  
work	  and	  the	  geometry	  of	  the	  support	  is	  imported	  from	  the	  Catia	  model.	  See	  the	  geometry	  in	  Figure	  
A.4.1.	  
	  
Figure	  A.4.1:	  Geometry	  used	  in	  SAMCEF	  
Once	   the	   geometry	   is	   introduced,	   the	   behaviour	   and	   the	  material	   proprieties	  must	   be	   defined	   for	  
each	  element.	  For	  the	  geometry	  of	  the	  support	  a	  flexible	  volume	  has	  been	  applied	  and	  the	  material	  
chosen	  is	  aluminum.	  On	  the	  other	  side,	  for	  the	  auxiliary	  geometry,	  the	  behaviour	  has	  been	  defined	  as	  
rigid	  volumes	  and	  the	  material	  is	  steel.	  
The	  loads	  applied	  to	  the	  model	  are	  exactly	  the	  same	  than	  in	  chapter	  3.2.3,	  the	  weight	  of	  the	  motor,	  
its	  maximum	  torque	  and	  the	  tension	  of	  the	  chain	  (Figure	  A.4.2).	  
	  
Figure	  A.4.2:	  Loads	  applied	  in	  the	  model	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The	  auxiliary	  geometry	  has	  been	  assembled	  with	  the	  fixed	  option	  to	  the	  correspondent	  holes	  in	  the	  
support.	  Afterwards,	  the	  support	  has	  been	  fixed	  in	  the	  space.	  This	  is	  done	  with	  the	  mean	  command	  
in	  the	  four	  holes	  of	  the	  base	  of	  the	  support	  (Figure	  A.4.3)	  
. 	  
Figure	  A.4.3:	  Clamping	  the	  holes	  with	  the	  mean	  command.	  
Before	  solving	  the	  model	  the	  last	  step	  is	  to	  define	  the	  mesh.	  The	  mesh	  for	  the	  auxiliary	  geometry	  is	  
done	  with	  the	  automatic	  mesher	  from	  SAMCEF.	  The	  mesh	  of	  the	  support	  is	  done	  taken	  into	  account	  
that	  is	  necessary	  to	  have	  more	  than	  one	  division	  in	  the	  thickness	  of	  the	  element,	  (Figure	  A.4.4).	  
	  
	  
	  
	  
	  
	  
	  
Figure	  A.4.4:	  Mesh	  of	  the	  support	  and	  the	  auxiliary	  geometry.	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Finally	  the	  model	  can	  be	  solved	  and	  the	  results	  can	  be	  seen	  in	  the	  results	  module.	  Figure	  A.4.5	  and	  
Figure	  A.4.6.	  
	  
Figure	  A.4.5:	  Equivalent	  stress.	  
	  
Figure	  A.4.6:	  Nodal	  displacements.	  
